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The porcine antral follicle, which consists of an oocyte and surrounding follicular
components, including theca, granulosa, and cumulus cells and follicular fluid, is an
essential microenvironment for oocyte development and maturation. Investigating
cellular and molecular events in the context of the whole follicle will aid in our
understanding of interactions between the oocyte and the follicular components. The
objective of this dissertation was to develop a novel bioluminescent imaging model to
visualize and measure cellular and molecular events in living intact ovarian follicles in
vitro. Bioluminescence imaging was employed to facilitate noninvasive, dynamic, and
real-time transgene analysis in living intact follicles. The time courses of luciferaseluciferin reactions, effective plasmid DNA and D-luciferin doses and their combinations
were determined as the first step toward developing a new real-time bioluminescence
imaging model. In addition, the efficient nonviral gene delivery methods: cationic lipid
mediated gene transfer (chemical) and electroporation (physical) for the living intact
follicles were determined. For the cationic lipid mediated gene transfer method, the 1:3
DNA lipid ratio was optimal. It was also found that the optimal condition of

electroporation (4 electric pulses with 100 ms duration at field strength of 100 V/cm)
resulted in 15 times higher luciferase activity and increased granulosa cell viability over
the cationic lipid mediated gene transfer method. Moreover, increased granulosa cell
viability, increased follicular fluid progesterone content, and oocytes with expanded
cumulus cells were observed in intact follicles transfected by electroporation at a field
strength of 100 V/cm. Finally, bioluminescence imaging was applied to quantify
functional and ligand-activated estrogen receptor (ER) activity within living intact
follicles. The functional ERs were differentially activated during the different stages of
the estrous cycle in the mature sow; the levels of functional ER activity in cultured
granulosa cells and intact follicles in vitro were increased from late luteal phase to early
follicular phase and then significantly decreased at late follicular phase. The methodology
developed herein can be applicable to further our understanding of oocyte and follicle
development and oocyte maturation.
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INTRODUCTION

1.1

Rationale
The porcine ovarian antral follicle unit consists of a single oocyte and surrounding

theca, granulosa and cumulus cells, basal membrane, and follicular fluid. It is an essential
microenvironment for the oocyte and follicle development and oocyte maturation;
reviewed in Moor et al. (1996) and Hunter (1998). In order to investigate cellular and
molecular events during the follicle development and oocyte maturation, several methods
have been routinely used; e.g., studies of morphological characteristics, such as follicular
diameter and color are usually followed by molecular and biochemical analysis of
oocytes and follicular components collected from a group of follicles at defined stages of
the estrous cycle. As a representative, the amount of protein or mRNA of estrogen
receptors through western blotting or qRT-PCR using lysed granulosa cells is assessed to
investigate a role of estrogen receptor in follicular development and oocyte maturation,
subsequently followed by measuring estrogen contents in follicular fluid or in granulosa
cell culture medium. However, these methods do not provide information regarding
whether functional specific genes are present or active since proteins often require
activation (e.g., phosphorylation and methylation), and mRNA is often degraded during
the RNA processing and transport prior to being translated into protein (Shapiro, 2009).
1

With recent advances in gene transfer methods, many laboratories have used
reporter gene technologies to study functional gene analysis and transcription factor
activities in signal transduction pathways involved in follicular atresia and
steroidogenesis in cultured granulosa cells in vitro (Benco et al., 2009; Geng et al., 2008;
Sirotkin et al., 2012; Wang et al., 2011). Although these studies have offered the
opportunity to elucidate gene functions and cellular pathways within cultured granulosa
cells, it does not take into account major interactions between the oocyte and the
follicular components in the context of the whole follicle. Moreover, results from these
studies usually rely on static measures using granulosa cell and follicle tissue lysates or
immunohistochemistry of follicle sections. For these reasons, more dynamic and realtime measures opposed to static measures should be applied to determine changes in
cellular and molecular events during the follicle development and oocyte maturation in
the context of the total follicular environment.
This dissertation presents the development of a new methodology to visualize and
measure cellular and molecular events that may play essential roles in follicle and oocyte
development and oocyte maturation. First, we use an in vitro intact antral follicle culture
system for large species developed by Moor (1977) throughout this dissertation. The
advantage of the intact follicle culture system over in vitro oocyte maturation or
granulosa cell cultures is that it provides the microenvironment that more closely
mimicked native ovarian follicles in vivo and allows investigating interactions between
the oocyte and the follicular components (Hunter, 1998; Moor et al., 1998; Moor et al.,
1996). Second, bioluminescence imaging is used in this dissertation, in order to facilitate
noninvasive, dynamic and real-time analysis of cellular and molecular events in intact
2

living antral follicles. Bioluminescence imaging using firefly luciferase reporter gene
transfer has provided efficient methods for the indirect measurement of transcription
factors and gene expression and regulation in living cells and tissues in small animals
(Contag et al., 1998).
1.2

Objectives and dissertation outline
Chapter 1 is introduction, describes the rationale and objectives of this

dissertation. Chapter 2 consists of literature reviews for the experimental work that
follow. First, it provides background information, covering early follicle and oocyte
development, antral follicle development, and oocyte maturation. The second part of this
chapter describes reporter gene technology and nonviral gene delivery methods in detail,
beginning with basic information about reporter gene constructs and applicability of gene
transfer in reproductive biology; it reviews current literatures with the objective of
applying nonviral gene delivery methods to reproductive tissues and organs for the
functional gene analysis and gene therapy. Furthermore, chapter 2 covers the overview of
bioluminescence imaging and factors influencing the bioluminescence measurements.
Chapters 3 through 5 describe the experimental work. The experimental work
presented in this dissertation is aimed at developing a new methodology to visualize and
measure cellular and molecular events that may play essential roles in follicle and oocyte
development and oocyte maturation in intact porcine ovarian follicles.
In chapter 3 (objective 1), the time course of the luciferase-luciferin reaction, dose
responses of luciferase reporter gene after D-luciferin injection, and the amount of Dluciferin needed for optimal reaction catalyzation and light production are determined as
a first step towards a working bioluminescent imaging system for intact porcine antral
3

follicles. These factors that influence the intensity of bioluminescent emissions are
important considerations for quantitative bioluminescence imaging and reproducible
analysis.
Bioluminescence imaging involves introduction of luciferase reporter genes into
target cells. Effective gene transfer to intact ovarian follicles using two different nonviral
gene delivery methods: cationic lipid mediated gene transfer (chemical) and
electroporation (physical) are examined in chapter 4 (objective 2). To optimize nonviral
gene transfer system in intact ovarian follicles, we have explored parameters of cationic
lipid mediated and electroporation methods that may affect transgene expression and cell
viability in intact antral follicles in vitro. In addition, the efficiency of luciferase
transgene expressions between these methods are directly compared using
bioluminescence imaging. Moreover, the effects of these nonviral methods on granulosa
cells viability, oocyte maturation, and estradiol and progesterone contents in follicular
fluid are assessed.
Finally, in chapter 5 (objective 3), the quantitative bioluminescence imaging and
nonviral gene transfer methods are applied to determine functional and ligand-activated
estrogen receptor (ER) activities in cultured granulosa cells and in living intact ovarian
follicles at different stages of the estrous cycle in the mature sow. Chapter 6 describes the
conclusions of the research presented, as well as future applications of the work. The
experiments reported on herein develop a novel bioluminescence imaging model that
should be applicable to further our understanding of oocyte and follicle development and
oocyte maturation and to gene therapy for infertility and the development of a new

4

contraceptive in humans and for the improvement of reproductive efficiency in domestic
animals.
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CHAPTER II
LITERATURE REVIEWS

2.1

Early Follicle and oocyte development
The development of mammalian oocyte begins with the formation of primordial

germ cells (PGCs), which are the precursors or stem cells for oocytes in the embryos.
PGCs are derived from the inner cell mass of the blastocyst, and they migrate from the
yolk sac epithelium into the mesodermal region known as the gonadal ridge in the
embryo; reviewed in Picton (2001). Upon colonization of PGCs, ovaries are developed in
the gonadal ridge along with other female reproductive tract tissues, such as oviduct and
uterus in the presence of female chromosomes, at which time PGCs differentiate into
oogonia (Kiessling and Anderson, 2007). In the pig embryo, PGCs are first visible at 18
days post coitum (pc) in the gonadal ridge, and they become oogonia at 24 to 25 days pc
(Black and Erickson, 1968). At this stage, oogonia are not significantly larger than
somatic cells. Oogonia further expand their populations through a number of mitotic
divisions in a species specific manner. The chromosomes in the oogonia are duplicated
by a round of DNA replication, forming a maternally and paternally derived each
chromosome, which is termed homologous, composed of two copies of sister chromatids
attached at the centromere region. In the pig, the number of oogonia increases from the
5,000 at 20 days pc, reaches a maximum of 1,100,000 at 50 days pc, and then falls
drastically to 500,000 at birth (Black and Erickson, 1968).
6

Meiotic division in the pig begins as early as day 50 pc, and the mitotic arrest
occurs at day 100 pc (Black and Erickson, 1968). During the meiosis, the oogonia
progress through leptotene, zytotene, and pachytene stages of meiotic prophase I, and
then they become arrested in diplotene stage of prophase I; they are now called primary
oocytes. This primary oocyte stage is characterized by the presence of an intact nuclear
envelop also called germinal vesicle (GV). Primary oocytes in the pig first appear at 50
days pc, and 99% of the oocytes are at diplotene stage of prophase I by 20 days
postpartum (Black and Erickson, 1968). As a primary oocyte, it is approximately 30 µm
in diameter surrounded by a single layer of squamous somatic cells, which is the
precursor to the granulosa cells. This structure is known as a primordial follicle; reviewed
in Picton (2001). The oocytes remain arrested in this state for days to years until the
selected follicles are stimulated by gonadotropins (follicular stimulating hormone; FSH
and luteinizing hormone; LH), depending on the species while completing their growth.
Initiation of follicle development begins as primordial follicles are gradually
recruited to begin their growth. Upon recruitment, squamous somatic cells of the
primordial follicle are differentiated into a single layer of cuboidal granulosa cells,
primary follicle; reviewed in Picton (2001). The oocyte continues to grow, and the
cuboidal granulosa cells proliferate to form multiple layers of granulosa cells, but without
an antrum or cavity. This unit is referred to as a secondary follicle or a preantral follicle.
The number of granulosa cell layer increased with increasing diameter of the secondary
follicle. In the pig, the average number of granulosa cell layer increases to 15 with
follicle diameter of 250 to 300 µm at the secondary follicle stage (Morbeck et al., 1992).

7

During the secondary follicle stage, the oocyte increases in volume without cell
divisions up to 110 µm in diameter in the pig (Morbeck et al., 1992). Stroma cells in
ovary differentiate into a theca cell layer, which is formed outside of basement membrane
of the follicle. The theca cells are first observed in the follicle diameter of 150 µm, and
most of follicles have theca cells by the time they reach a diameter of 200 µm in the pig
(Morbeck et al., 1992). In addition, during this period, the gap junctions are developed
between the oocytes and granulosa cells in the secondary follicles, initiating intracellular
communication between them. In the cow, oocyte specific structures such as the cortical
granules and the zona pellucida can be first observed in the secondary follicle stage (Fair
et al., 1997). A number of organelles, such as Golgi complexes, smooth endoplasmic
reticulum, lipid droplets and membrane bounded vesicles are built up and undergo a
peripheral dislocation in the ooplasm of the cow oocytes (Fair et al., 1997). Oocytes in
secondary follicles start to synthesize and store transcripts and proteins essential for
further development maturation, fertilization and embryo development; yet, these oocytes
are unable to resume meiosis (Hyttel et al., 1997).
2.2
2.2.1

Antral follicles
Follicle growth
A group of follicles at the secondary follicle stage is recruited to continue to grow

and becomes antral follicles or tertiary follicles. And, their recruitment and growth are
dependent on the pituitary gonadotropin, FSH (Fortune, 1994). Antral follicles are
characterized by the antrum formation, which occurs with the accumulation of fluid
between multilayered granulosa cells. Antrum fluid is also called follicular fluid. It is
unique body fluid containing various organic or cellular components, including steroids,
8

protein contents, electrolytes, growth factors, and other unknown biological factors
derived from blood and other local secretions; reviewed in Edwards (1974) and Sutton et
al. (2003).
Antrum formation occurs in the pig when follicles reach a diameter of about 400
µm. And, antral follicles start to appear at 70 days after birth (Erickson, 1967; Morbeck
et al., 1992). It is estimated that the growth of a primordial follicle to antral follicle stage
(400 µm) takes about 84 days in pigs (Hunter, 2000; Morbeck et al., 1992).
Accumulating follicular fluid and increasing granulosa cell proliferation cause rapid
expansion of the antral cavity and increasing follicle size. As the follicle grows, the
antrum divides the granulosa cells into two groups: cumulus granulosa cells and mural
granulosa cells. The cumulus granulosa cells remain in contact with the zona pellucida of
oocyte. These granulosa cells are responsible for providing oocyte with metabolites and
other important factors necessary for the oocyte maturation and developmental
competence. The mural granulosa cells form layers on the inside of the basement
membrane are called mural granulosa cells. The mural granulosa cells are actively
proliferative and highly steroidogenic (Gougeon, 1996). The theca cell layer also
undergoes morphological differentiation and becomes theca interna, the inner part, which
is a vascularized layer of secretory cells, and theca externa, the outer part, which contains
fibroblasts and smooth muscle-like cells. The theca cells play an important role in
steroidogenesis in the antral follicle (Gougeon, 1996).
The ability to resume and complete meiotic maturation is acquired in the porcine
antral follicle about 2 to 3 mm in diameter after 14 days after antrum formation (Motlik et
al., 1984). Thereafter, 5 to 7 more days are needed to complete their growth to the
9

preovulatory stage, when follicles reach maximal diameter about 8-10 mm in pig (Hunter,
2000; Morbeck et al., 1992). Therefore, it takes approximately 100 days for primordial
follicles to become preovulatory follicles in pigs.
2.2.2

Estrous cycle and endocrine regulation in pigs
The onset of estrous cycles occurs at the time of puberty. Pigs generally reach

puberty between 150 and 220 days of age (Soede et al., 2011). The average of an estrous
cycle takes 21 days; however, the duration of an estrous cycle in pig can be in a range 17
to 25 days (Senger, 2005a; Soede et al., 2011). The estrous cycle consists of the follicular
phase and the luteal phase. The follicular phase is divided into early follicular and late
follicular phases and also termed proestrus and estrus phases, respectively. Generally, in
cows and ewes the length of follicular phase is 2 to 3 days. However, the follicular phase
in pig is longer because a large number of follicles are selected for the ovulation. It
approximately takes 5 to 7 days (Hunter et al., 2004). The follicular phase is the period
from luteolysis to ovulation. The luteal phase is the period from ovulation (Day 0) until
luteolysis, lasting about 16 days. This phase is divided into early luteal and late luteal
phases and also termed metestrus and diestrus phases, respectively (Senger, 2005a). The
estrous cycle is governed by a system of positive and negative feedback, which controls
the secretion of gonadotropin releasing hormone (GnRH) from the hypothalamus. In turn,
the release of GnRH controls the secretion of gonadotropins (follicle stimulating
hormone; FSH and luteinizing hormone; LH) from the anterior lobe of the pituitary
(Soede et al., 2011).
Early follicular phase begins with luteolysis. The decreased size and pale pink
color (a sign of decreased vascularity) of regressing corpora lutea and small (> 3 mm in
10

diameter) and medium (3-6 mm in diameter) sized growing antral follicles are observed
during the early follicular phase (Figure 2.1 A). This phase is characterized by the
transition from a period of progesterone dominance to a period of estrogen dominance.
As a result of luteolysis, the progesterone level decreases, and the negative feedback by
progesterone on the hypothalamus is removed. GnRH, which responsible for stimulating
FSH and LH release, is released at a high level. The FSH and LH levels increase in
response to GnRH, promoting follicular development. The growing antral follicles in
early follicular phase produce the increasing levels of estradiol and inhibin, which in turn
suppress FSH secretion from the anterior pituitary gland via negative feedback, reducing
the circulating levels of FSH to basal concentration (Senger, 2005b; Soede et al., 2011).
The level of FSH receptor mRNA in the granulosa cells also decreases during this stage
(Liu et al., 2000).
At the late follicular phase, the regressing corpus luteum of the early follicular
stage becomes a corpus albicans, which appears as a white scar-like structure. And,
approximately 15 to 30 follicles (8-10 mm) of preovulatory follicles are present during
this phase in sows, as shown in Figure 2.1 B (Soede et al., 2011). The increasing level of
17β-estradiol (E2) produced by preovulatory follicles promotes the expression of LH
receptor mRNA, which reaches the maximum level in the granulosa cells in pigs
(Guthrie, 2005). In addition, it has been reported that the highest E2 concentration in the
follicular fluid are accompanied by the maximum level of LH receptor mRNA in the
granulosa cells of follicles in weaned sows (Liu et al., 2000). When the estrogen level
reaches a peak, the large quantities of GnRH are released. And then, GnRH stimulates the
anterior lobe of the pituitary to secrete a preovulatory surge of LH, which leads to
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ovulation. The level of LH receptor mRNA drops significantly after LH surge in the
weaned sows (Liu et al., 2000).

Figure 2.1

Mature sow ovaries at different stages in the estrous cycle.

A pair of ovaries obtained in early follicular (proestrus) phase of a mature sow (A), a pair
of ovaries obtained in late follicular (estrus) phase of a mature sow (B), ovaries obtained
from a mature sow in the early luteal (metestrus) phase (C), and a pair of late luteal stage
(diestrus) ovaries from a mature sow. CA: Corpus albicans; CL: corpus luteum; and CH:
corpus hemorrhagicum. Scale bar = 1.0 cm
Early luteal phase (metestrus) starts immediately after the ovulation, and this
phase is characterized by the formation of a small pimple like structure called corpus
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hemorrhagicum from the collapsed ovulated follicle (Figure 2.1 C). During late metestrus
(Day 3 to 5 of the estrus cycle), corpus hemorrhagicum increases its size, loses their
hemorrhagic appearance, and becomes a functional corpus luteum (Senger, 2005a; Soede
et al., 2011). The production of circulating 17β-estradiol (E2) and inhibin significantly
decreases as the ovulation occurs, removing the negative feedback on FSH. Thus, the
level of FSH surges at days 1 and 2 after the ovulation. This leads to the development of
small (< 3 mm) follicles in the sow, which results in increasing level of inhibin (Noguchi
et al., 2010). Subsequently, the inhibin again suppresses FSH secretion from the anterior
pituitary gland. Eventually, the increasing level of progesterone produced from the
growing corpora lutea suppresses the secretion of FSH and LH via negative feedback
(Soede et al., 2011). Thus, the growth of small follicles is maintained during the early
luteal phase until follicular recruitment occurs.
Late luteal phase also known as diestrus is characterized by the presence of a fully
developed multiple corpora lutea in the ovaries of sows. These corpora lutea exhibit dark
red or purplish color with surface vascularization (Figure 2.1 D). Corpus luteum increases
in mass until the middle of the estrous cycle. Its maximum size coincides with the
maximum level of progesterone. Late luteal phase usually lasts about 10 to 14 days. Near
the end of the luteal phase, luteolysis occurs, and the corpus luteum loses its functional
integrity and decreases in size. Following luteolysis, early follicular phase is initiated.
2.2.3

Follicular dynamics (Recruitment, selection, dominance and atresia)
Follicular dynamics is the continuous process of follicular growth and

degeneration during the estrous cycle (Senger, 2005b). Follicular dynamics includes the
processes of cyclic recruitment, selection, dominance and atresia. Atresia, a degenerative
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process, is characterized by apoptotic death of the granulosa cells in ovarian follicles
(Guthrie et al., 1995).
In immature and mature gilts and sows, antral follicles of 1-6 mm in diameter in
various stages of growth and atresia are present and available for the recruitment
throughout the luteal phase (Foxcroft and Hunter, 1985). A group of follicles usually in
small (> 3 mm in diameter) and medium (3-6 mm in diameter) size in pigs starts to
actively respond to gonadotropins FSH and LH and continues to grow. These are the
recruited follicles (Ireland, 1987). According to Guthrie and Garrett (2000), only about
5% of follicles are atretic on the day 5 of the estrus cycle; however, by the day 7, 50% of
the follicles undergo atresia, indicating that the cyclic recruitment begins to occur close to
day 7 of the cycle. Between day 7 to 15 of mid to late luteal phase, on average 35% of
small and medium size follicles showed incidence of atresia in mature gilt, ranging from
12 to 73% without any significant evidence for a day effect (Guthrie and Garrett, 2000).
Following cyclic recruitment, a species-specific number of antral follicles is
selected and continues to grow from a group of recruited follicles, whereas the growth of
other follicles (subordinated follicles) is decreased and gradually undergo atresia. In pigs,
the selection occurs during the follicular phase, in which the number of small (> 3 mm in
diameter) and medium (3-6 mm in diameter) sized follicles are significantly decreased, as
shown in Figure 2.1 A, and only 15 to 30 selected follicles continue to grow become
large (> 6 mm in diameter) in Figure 2.1 B (Guthrie et al., 1995). The incidence of atresia
in small and medium sized follicles increases from 22% before the selection to 80% after
the selection. Selected large follicles may become dominant or undergo atresia. However,
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in pigs, the incidence of atresia rarely occurs in the selected large follicles during the late
follicular phase; less than 5% are atretic (Guthrie et al., 1995).
A single follicle becomes dominant for further development and ovulation in
monovulatory species, such as cows, horses, and primates, whereas polyovulatory species
like pig and mouse, a group of follicles becomes dominant. In the pig, about 15 to 30
large follicles in size of 6.9 to 10.0 mm in diameter develop to the preovulatory stage and
are ovulated depending on nutrition, breeds, age of animal and other environmental
factors (Knox, 2005).
2.2.4

Function of Estrogen and Estrogen receptors
Estrogens influence the growth, differentiation, and function of the female and

male reproductive systems, such as mammary gland, uterus, vagina, ovary, testes,
epididymis, and prostate. Estrogens are also involved in causing breast cancer and
endometrial cancer; reviewed in Gruber et al. (2002). More importantly, aromatase
knock-out mouse model (an estrogen-deficient mouse model) studies revealed that
estrogens play important roles in follicular growth and development, oocyte maturation,
and ovulation (Britt et al., 2001; Britt et al., 2004).
Estrogens are mostly synthesized in the theca and granulosa cells of antral ovarian
follicles. According to the “two-cell two-gonadotropin” theory, LH stimulated theca cells
produce androgens (androstenedione and testosterone) while FSH stimulated granulosa
cells increase aromatase production. Then, the testosterone and androstenedione in the
theca cells diffuse to the granulosa cells and are aromatized into 17β-estradiol (E2) and
estrone, respectively; reviewed in Drummond (2006). The level of E2 is the highest in the
preovulatory follicles at the late follicular phase and is correlated the aromatase mRNA
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and protein expression in the granulosa cells (Guthrie, 2005). In addition, the high level
of E2 facilitates granulosa cell differentiation by inducing expression of receptors for LH,
FSH, and prolactin (Drummond, 2006).
The biological action of estrogen is mediated by high affinity of estrogen
receptors (ERs) within the target cells. Estrogens are lipophilic and readily diffused into
the cell membrane, binding to ERα and ERβ in the nuclear membrane. When estrogen
(ligand)-ER complexes are activated, the activated ERs bind specific DNA sequences
called estrogen response elements (EREs) within the promoter region of responsive
genes. Subsequently, the DNA bound activated ER regulates target gene transcription
(Gruber et al., 2002; McDonnell and Norris, 2002). The regulation of transcription by
estrogens is illustrated in figure 2.2.
In the pig ovary, it has been reported that ERβ is expressed both granulosa cells
and theca cells of antral follicles as well as corpora lutea. However, ERα expression is
limited to granulosa cells of preovulatory follicles (Slomczynska et al., 2001). Studies
have reported that the level of ERβ mRNA in antral follicles increased to a maximum
level at the early follicular phase and then decreased at the late follicular phase and
demonstrated that ERs are expressed in the ovarian follicles in different ratios throughout
follicular development and reproductive cycle in the cow and pig (D'Haeseleer et al.,
2006; Slomczyńska and Woźniak, 2001). ER knockout mouse studies have demonstrated
that both ER α and β play roles in the maintenance of fertility. Especially, ERβ is
responsible for the follicle development and maturation; reviewed in Drummond (2006).
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Figure 2.2

Regulation of transcription by estrogens.

Estrogen receptors bind specific DNA sequences called estrogen response elements
(ERE), cis-acting enhancers, located within the regulatory regions of target genes. This
functional ER activity regulates transcription of the genes, either positively or negatively.
Molecular, biochemical and steroid analyses of the cow and pig studies have
suggested that estrogens and ERs also influence on the mechanisms of follicle selection
of dominant follicles during the estrous cycle (Beg and Ginther, 2006; Ginther et al.,
1997; Guthrie, 2005; Roche, 1996). A major characteristic of dominant follicles is that
they have a larger amount of E2 in follicular fluid than subordinate follicles. In addition,
granulosa cells in dominant follicles in the cow in vivo have a greater expression of ERβ
gene than the granulosa cells from subordinated follicles (Evans et al., 2004). In the pig,
estrogen has been found to increase steroidogenesis and decrease apoptosis of granulosa
cells in ovarian follicles (Guthrie et al., 1995; Quirk et al., 2004).
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2.2.5

Oocyte maturation
Oocyte maturation occurs upon follicular stimulation of LH surge within the

preovulatory follicles in vivo (Agca et al., 2006). There are several changes in both
oocyte and cumulus cells responding to LH surge. First, cumulus cells around oocytes
start to secrete hyaluronic acid, a non-sulphated glycosaminoglycan bound to the cumulus
cells by linker proteins (Eppig, 2001). This leads to the mucification and expansion of the
cumulus cells with accompanying termination of gap junctional contact between the
cumulus cells and the oocyte in the follicle. In immature oocytes, cumulus and granulosa
cells synthesize oocyte maturation inhibitors, such as cyclic AMP transported into oocyte
through gap junctions, resulting in the suppression of oocyte meiotic resumption. The
termination of gap junction leads to initiation of the oocyte meiotic resumption by
blocking the oocyte maturation inhibitory signals from the cumulus cells to the oocyte
(Isobe et al., 1998).
Oocytes in the germinal vesicle stage (GV) undergo germinal vesicle breakdown
(GVBD) and are able to resume the first meiosis. First, homologous recombination
occurs during the prophase of meiosis I. This resulted in crossovers of DNA between
maternal and paternal versions of the chromosomes, forming new chromosomes.
Homologous chromosome condensation follows to prevent from losing any genetic
information during the cell divisions. And, the spindles start to form outside of nucleus.
These meiotic spindles consist of polymerized microtubules organized by microtubule
organizing centers (MTOCs), and they are attached to homologous chromosomes at their
centromeres. The chromosomes become aligned at the equator of the meiotic spindle,
forming the metaphase plate. This alignment results completion of metaphase I (MI).
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During the anaphase I, the homologous chromosomes are separate with one member of
each pair, moving toward the opposite pole of the cell. As oocytes progress through
telophase I, asymmetrical cytokinesis occurs resulting in extrusion of half their genetic
material within the first polar body. Finally, the second meiotic division initiates without
formation of any interphase nucleus and DNA synthesis, and then the oocytes are
rearrested in meiosis at the metaphase II stage (MII). Oocytes at this stage are referred to
secondary oocytes. They remain at the metaphase II stage until fertilization occurs. After
fertilization, the oocyte extrudes a second polar body to eliminated half of the sister
chromatids of the remaining chromosomes; reviewed in Swain and Pool (2008).
After the LH surge, mural granulosa cells start to differentiate into luteal cells, via
the luteinization, which decreases aromatase activity and increases ability of the cells to
produce progesterone. The luteinized granulosa cells with theca cells in the follicles form
the corpus luteum (Agca et al., 2006; Eppig, 2001).
2.2.6

Intact follicle culture system
An intact ovarian follicle culture system has been developed since the early

1970s, with the goal of achieving nuclear and cytoplasmic oocyte maturation in vitro. In
this system, whole preovulatory follicles are isolated from the ovaries and cultured intact
on the surface of the stainless steel grid (Tsafriri et al., 1972) or tissue culture membrane
inserts (Fouladi Nashta et al., 1998). Tsafriri et al. (1972) have first reported that
culturing rat follicle in the presence of LH in the culture medium induced oocyte meiotic
resumption; however, oocytes in the intact follicles cultured in hormone free medium
remained in meiotic arrest. This culture system also has been used to investigate follicular
steroidogenesis (Baker et al., 1975; Moor, 1977; Shemesh and Ailenberg, 1977) and
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effects of insulin-like growth factor-I (IGF-I) and gonadotropins on apoptosis in the
preovulatory follicles (Chun et al. 1994; Maillet et al., 2002).
It has been reported that oocytes isolated after 24 hours of intact bovine follicle
culture in vitro remained at germinal vesicle stage and had a significantly greater
developmental rate compared with oocytes aspirated from fresh follicles, following
subsequent maturation, fertilization and culture (Fouladi Nashta et al., 1998). Malliet et
al. (2002) have reported that incidence of apoptosis was lower in rabbit granulosa cells
isolated from cultured intact preovulatory follicles after 72 hours of culture when
compared to the granulosa cells cultured in vitro. In addition, it has been shown that the
treatment with FSH and IGF-1 suppressed spontaneously apoptosis in cultured intact rat
preovulatory follicles, but not in the cultured granulosa cells collected from the
preovulatory follicles (Chun et al. 1994).These studies demonstrated the importance of
integrity of follicle structure.
2.3

Reporter gene technology
Reporter gene technology is commonly used to monitor cell signaling and gene

expression. It has been applied to study real-time responses of transcriptional factor or
receptor activities to specific physiological stimuli and pharmacological treatment in
living cells. In general, a reporter gene vector consists of cis-regulatory sequences
(response elements), a promoter, and a reporter gene. Response elements, such as ERE
(estrogen response elements) and CRE (cAMP response elements), are responsive to
alterations in gene regulation and expression in the cell. Typically, a reporter gene is
placed downstream of a promoter and response elements, and the activated transcriptional
factors or receptors bind to the response elements and drive the reporter gene expression.
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Therefore, the amount of the reporter protein or enzymatic activity is directly
proportional to the functional activity of the transcriptional factor or receptor. A reporter
gene encodes a protein, often luciferase or a fluorescent protein that is not endogenously
expressed in eukaryotic cells and can be easily detected and quantified. Reporter gene
technology has also been used for tracking gene transfer and expression in transgenic
animals (e.g., transgenic pigs and zebra fish). Moreover, the technology has been applied
to gene therapy model to monitor delivery, location, and pattern of transgene expression;
reviewed in Naylor (1999).
2.3.1

Reporter genes
The reporter genes that are commonly used in eukaryotic cells include

chloramphenicol acetyl transferase (CAT), β-galactosidase, green fluorescent protein
(GFP), and luciferase. Chloramphenicol acetyl transferase (CAT) is the bacterial enzyme
that catalyzes the transfer of acetyl groups from acetyl-coenzyme A (acetyl-CoA) to
chloramphenicol. Its enzymatic activity can be measured with in thin layer
chromatography or immunological assay (Alam and Cook, 1990; Naylor, 1999).
β-galactosidase is also bacterial enzyme and is the product of lacZ gene in E.coli.
It is a tetrameric enzyme that catalyzes the hydrolysis of β-galactosidase such as lactose.
This reporter is widely used as an internal control for normalization of transfection
efficiency. The enzymatic hydrolysis of the substrate ONPG (o-nitrophenyl β-Dgalactopyranoside) by β-galactosidase can be readily measured by colorimetric assays in
lysed cells and tissue. In addition, the β-galactosidase activity can also be assayed in
tissue histological sections using the substrate X-Gal (5-bromo-4-chloro-3-indolyl β-Dgalactoside) (Alam and Cook, 1990).
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Fluorescent proteins have also used as reporter genes. When illuminated with
light of a specific wavelength, fluorescent proteins emit light at a longer wavelength (Fan
and Wood, 2007). Green fluorescent protein (GFP) is one of the most commonly used
fluorescent reporters. It is isolated from the jellyfish, Aequorea Victoria. The wild type
GFP has excitation peaks at 395 nm and 475 nm. Excitation at either of these two
wavelengths results in emission of green fluorescent light at 509 nm (Chalfie et al.,
1994). Since cDNA of GFP has been cloned in 1992 (Prasher et al., 1992), a number of
improved and enhanced versions of fluorescent proteins (e.g., EGFP and SGFP2) have
been developed (Kremers et al., 2007). These fluorescent proteins are more resistant to
photobleaching and mature faster than wildtype GFP. They also exhibit improved
fluorescence brightness, environmental sensitivity, and signal- to-noise ratio. Unlike
other reporter genes, fluorescent proteins do not require the presence of any cofactors or
substrates for producing fluorescence. Moreover, the fluorescence is much brighter than
bioluminescence to provide vivid microscopic images. Therefore, GFP has been widely
used to image cellular processes, such as localization of cellular components or processes
in real-time, in intact living cells (Chalfie et al., 1994; Ozawa et al., 2013; Welsh and
Noguchi, 2011). Furthermore, a broad range of different spectra and multicolor light
emitting fluorescent proteins (e.g., YFP, BFP, and RFP) have been developed. These
reporters allow monitoring multiple parameters simultaneously in living cells (Ozawa et
al., 2013). Recently, fluorescent proteins (e.g., epFP650) and dyes (e.g., indocyanine
green dye) in near infrared wavelengths, where light absorption is lowest in mammalian
tissues, have been developed and used for in vivo fluorescence imaging of deep tissues in
the clinical setting (Miyashiro et al., 2011; Ozawa et al., 2013).
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Luciferases are a family of photoproteins that are isolated from various insect,
marine organisms, and bacteria. Since cDNA of firefly luciferase was first cloned from
the North American firefly, Photinus phyralis in 1985, it has become the most commonly
used bioluminescent reporter. Firefly luciferase is a 61kDa monomeric enzyme that
catalyzes oxidation of its substrate, D-luciferin, leading to photon emission at
wavelengths from 560 nm. This reaction requires ATP, Mg2+ and O2. This oxidation of
D-luciferin by luciferase has a quantum yield of 88%, which means that 88 photons are
emitted per 100 molecules of reacting luciferin (De Wet et al., 1985).
Renilla luciferase is derived from sea pansy Renilla reniformis. Renilla luciferase
is a 36kDa monomeric protein that catalyzes the oxidation of substrate, coeleterazine, to
emit blue light with a peak at 482 nm (Bronstein et al., 1994). Renilla luciferase is often
used in combination with firefly luciferase reporter to co-transfect mammalian cells in
vitro cell culture studies. The Dual-Glo® Reporter Assay System (Promega, Madison,
WI) can be used to measure both firefly and Renilla luciferases simultaneously within the
same sample of cell lysate. Firefly luciferase is used as an experimental reporter, which is
correlated with the effect of specific experimental conditions while Renilla luciferase
provides an internal control to normalize the expression of the experimental firefly
luciferase reporter gene (Promega, 2007).
The bacterial lux operon encodes both luciferase and the enzyme for making its
own substrate. Because this reporter is heat labile and a dimeric protein, it is mostly used
for monitoring transcriptional activities within living bacterial cells (Bronstein et al.,
1994; Naylor, 1999). However, a recent study has developed codon-optimized bacterial
luc operon that can be expressed in mammalian cells (Close et al., 2010). These authors
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have demonstrated that mammalian cells expressing bacterial luc operon could produce
light emission in vivo mouse model without addition of exogenous substrate.
A number of more efficient and structurally diverse luciferases have been
developed in a variety of species. For example, nanoLuc has recently developed from
deep sea shrimp Oplophorus gracilirostris coupled with a novel coelenterazine analogue
called furimazine. This new luciferase has reported to produce luminescence with a
specific activity 150 fold greater than that of either firefly or Renilla luciferases and has
shown improvements in physical and chemical characteristics (Hall et al., 2012).
2.3.2

Bioluminescence imaging
Highly sensitive imaging system, such as a charge coupled device (CCD) camera,

is required to detect light emission from living cells that are expressing luciferase
reporters through tissues of live animals. The CCD camera operates by converting
photons that strike a CCD pixel into electrons at wavelengths between 400 and 1000 nm.
Then, the electrodes in between the CCD pixels are charged by the electrons. The electric
charge patterns, corresponding to the intensity of incoming photons, are read out and can
be used to generate image of light emission (Contag et al., 1997). This dissertation uses
the In vivo Imaging System 100 (IVIS™ 100; Caliper Life Sciences, Hopkinton, MA) for
imaging luciferase light emission from the antral ovarian follicles. IVIS® 100 is based on
a cooled back-illuminated, integrated CCD camera. The CCD device is cooled to -90°C
via a cryogenic refrigeration unit to minimize electronic background and maximize
sensitivity. The back-illuminated structure of the CCD provides high quantum efficiency
(~85%) at wavelengths >600 nm (Rice et al., 2001). IVIS® 100 contains a light-tight
imaging chamber that has a heated and adjustable sample stage with a CCD camera
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mounted on the top of the instrument. The captured images by IVIS® 100 can be
quantified easily and quickly via Living Image software (Caliper Life Sciences,
Hopkinton, MA).
Bioluminescence imaging has great potential to facilitate noninvasive, dynamic
and real-time analysis of molecular events in live cells and tissues of small animals, such
as mice and rats. It has been used in a myriad of applications for monitoring cellular
signaling pathways, gene expression and regulation, protein-protein interactions and
disease development and progression; reviewed in Badr and Tannous (2011) and Kaijzel
et al. (2007). The firefly luciferase is the most commonly used as a bioluminescent
reporter. The light emission from the firefly luciferase reaction has broad emission
spectrum from 500 to 620 nm at a sufficient intensity to penetrate small animal tissues.
Bioluminescence imaging has very low background level and greater signal-tobackground ratio compared to fluorescence imaging. It has been reported that
approximately 500 firefly luciferase labeled cells can be detected subcutaneously in mice
in vivo as opposed to about 105 cells labeled with a red fluorescent protein (Troy et al.,
2004). Moreover, firefly luciferase substrate, D-luciferin is known to be non-toxic to
mammalian cells and small animals, and luciferase has a short half-life of two to three
hours in live cells. Furthermore, bioluminescence imaging does not require excitation of
the probe to quantify activity. Thus, bioluminescence imaging is suitable for kinetic and
dynamic analysis (Contag et al., 1998; Ignowski and Schaffer, 2004)
Bioluminescence measurement can be influenced by several factors other than the
quantity of cells expressing luciferase in the tissues of the animal. The factors include a
time course of luciferase-luciferin reaction, dose responses of luciferase reporter gene
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after luciferin injection, dose of D-luciferin needed for optimal reaction catalyzation and
light production, luminescence source location, and tissue types (Virostko and Jansen,
2009). Several studies have reported that the bioluminescence measured in mouse model
in vivo varied with time after the injection D-luicferin. The light intensity reached a peak
at 10 to 25 minutes after the D-luciferin injection followed by a gradual decline over an
hour (Burgos et al., 2003; Cui et al., 2008; Paroo et al., 2004; Wu et al., 2001). Because
of the half-life of luciferase in live cells in real-time is approximately two hours
(Ignowski and Schaffer, 2004), the initial peak is resulted from the accumulation of
residual luciferase in the tissue of the animal, and the decline of intensity is caused by the
clearance of D-luciferin. In addition, there is evidence that the time to peak luminescence
intensity can be affected by the source location as well as tissue types in the animal.
Bioluminescent intensity is attenuated approximately 10 fold every centimeter of tissue
depth. Thus, tissues or tumors located in deep inside of body exhibit lower light intensity
than skin or superficial tumors. And, tissues with a high vascular content like liver and
spleen attenuate luminescence more than skin and muscle because of the light absorption
by oxyhemoglobin and deoxyhemoglobin (Wu et al., 2001). Moreover, studies have
reported that the higher doses of D-luciferin and luciferase resulted in greater
bioluminescence intensity, demonstrating that the luciferase reporter gene and Dluciferase doses and combinations significantly affected the bioluminescent
measurements in mouse model in vivo (Burgos et al., 2003; Paroo et al., 2004; Rettig et
al., 2006). Therefore, it is crucial to determine the factors that influence bioluminescence
imaging in various experimental models.
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2.3.3

ERE firefly luciferase reporter
Many aspects of estrogen receptor (ER) function that are crucial for controlling

signal transduction of endocrine pathways can be monitored more accurately with the use
of ERE reporter gene in live cells. ERE reporter gene contains ERE sequences upstream
of a promoter that drives the expression of reporter genes. Activated ERs bind to the
EREs that are included upstream of the reporter gene and result in production of the
reporter protein that correlated with the activity of the ER. For example, ERE luciferase
reporter gene, 5xERE-min-luc, contains 5 tandem repeats estrogen response element
(ERE) sequences, which are placed upstream of a minimal TATA promoter, directing
expression of the firefly luciferase coding sequence in response to transcriptional
activation by estrogen bound ER. The amount of luciferase can be quantified by
bioluminescence imaging in intact cells. The schematic overview of bioluminescent
imaging of activated estrogen receptors (ER) binding to estrogen response elements
(ERE) are shown in Figure 2.3. ERE reporter genes have been transfected in various in
vitro cultured cell types to determine functional ER activity responses to specific to
physiological stimuli and pharmacological treatments in lysed cells as well as intact cells
(Gottfried-Blackmore et al., 2007; Kipp and Mayo, 2009; Pannier et al., 2007).
Moreover, a number of transgenic animal model that express a ERE reporter gene has
been developed. A transgenic mouse that expresses a luciferase reporter gene under
control of activated estrogen receptors was first used to assess dynamics of functional ER
activity in vivo via bioluminescence imaging (Ciana et al., 2003). The authors reported
that ER activities in reproductive tissues and in liver were the greatest during the
proestrus phase of the estrous cycle in mice in real-time; in contrast, ER activities in non27

reproductive tissues such as bone and brain reached a peak at diestrus phase. In addition,
transgenic zebrafish that express a GFP gene under control of activated ER receptors
were developed and used to visualize and assess real-time ER activity responses to
various estrogenic compounds (Gorelick and Halpern, 2011). Moreover, ERE transgenic
mice were used to determine to functional ER activity and real-time aromatase enzyme
expression using an enhanced green fluorescence protein reporter (Toda et al., 2004) and
a luciferase reporter gene (Legler et al., 2000).

Figure 2.3

2.4

Schematic overview of bioluminescent imaging of activated estrogen
receptors (ER) binding to estrogen response elements (ERE) in mammalian
cells.

Nonviral gene transfer system
Reporter gene constructs can be delivered to target cells using viral (e.g.,

adenovirus and retrovirus) or nonviral (e.g., cationic lipid or polymer mediated and
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electroporation) systems. Viral system employs genetically altered viruses. Nonviral
system involves the use of plasmid DNA either alone or complexed with carrier
molecules. Nonviral system has many advantages over viral system such lower
cytotoxicity, less immunogenicity, and it is safer and easy to prepare. However, nonviral
system has limited gene delivery efficiency and a short duration of transgene expression
(Gao et al., 2007). The most widely used nonviral systems and the ones used in
experiments presented in this dissertation, are cationic lipid mediated and electroporation
gene transfer methods.
2.4.1

Cationic lipid mediated gene transfer
Gene transfer by cationic lipids is one of the easiest, most effective and versatile

chemical approaches among nonviral systems (Luo and Saltzman, 2000). This gene
transfer method was first introduced by Felgner et al. (1987). Cationic lipids are
amphiphilic molecules that comprise a positively charged polar head group linked to a
hydrophobic domain generally with two alkyl chains (Elouahabi and Ruysschaert, 2005).
The positively charged polar headgroup in cationic lipid associates spontaneously with
negatively charged phosphates backbones of DNA by electrostatic interactions, resulting
in compaction of lipid-DNA complexes, also referred to as lipoplexes (Figure 2.4;
Felgner et al., 1987). These lipoplexes can be prepared by simple mixing of cationic
lipids and DNA in an aqueous solution (Elouahabi and Ruysschaert, 2005). The entry of
the lipoplexes into the mammalian cell occurs by the processes of slow endocytosis or
fusion with the lipid plasma membrane (Felgner et al., 1987; Gao and Huang, 1995).
Once lipoplexes are in the endosome, some parts of lipoplexes destabilize the endosomal
membrane and release DNA into the cytoplasm. Subsequently, DNA enters into the
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nucleus to be transcribed and translated into proteins. Two mechanisms of DNA entry
into the nucleus have been proposed (Elouahabi and Ruysschaert, 2005). The transfected
DNA can enter into the nucleus when the breakdown of nuclear membrane occurs during
the mitosis in actively replicating cells (Brunner et al., 2000). The other proposed
mechanism is that DNA can be fused into the nucleus through the nuclear pores
(Hagstrom et al., 1997). Schematic overview of the steps involving firefly luciferase
reporter gene transfer by cationic lipid mediated gene transfer method is illustrated in
Figure 2.5.

Figure 2.4

Schematic representation of DNA-cationic lipid complex (lipoplex)
formation.

Negatively charged plasmid DNA electrostatically associates with cationic polymers or
lipids to form a condensed DNA lipid complex.
There are many different formulations of cationic lipids are commercially
available for lipid mediated gene transfer, such as Fugene® HD, TransFast™,
Lipofectamine®2000, Lipofectamine® LTX & Plus Reagent, SuperFect, Effectene,
NanoFect transfection reagents, and metafectene® pro. The formulations are proprietary
and generally varied by the number of charges in their polar headgroup and by the
detailed structure of their hydrophobic domain. Optimal formulations are dependent on
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different cell types, tissues and specific culture settings (e.g., presence or absence of
serum in culture medium; Whitemore et al., 2001). For most cationic lipid reagents, there
is limited information about their capability of gene transfer under conditions other than
those of standard in vitro cell culture setting. Therefore, it is important to test a variety of
the commercially available cationic lipid reagents for efficient gene transfer to
mammalian tissues in vivo and in vitro.

Figure 2.5

Schematic overview of the steps involved in cationic lipid mediated gene
transfer method and bioluminescent imaging of firefly luciferase reporter
gene in mammalian cells.

In addition to formulations of cationic lipids, the ratio of cationic lipid to plasmid
DNA is one of important factors that influence transfection efficiency in a cationic lipid
mediated gene transfer method. By varying the DNA lipid ratios for forming lipoplexes,
the charge and size of the lipoplexes can be varied, which affect the transgene expression
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levels and cell viability. It has been reported that an overall net positive charge of the
lipoplexes as illustrated in Figure 2.4 results in higher transgene expression levels
because this makes easier for the lipoplexes to bind to the negatively charged mammalian
cell membranes and possibly fused with the membranes (Felgner et al., 1987; Sakurai et
al., 2000). Moreover, Sakurai et al. (2000) have shown that the DNA lipid ratio
significantly affect DNA release from the endosome of the lipoplexes, the process called
intracellular trafficking, which was the major determinant of transfection efficiency in
cultured cells in vitro.
The most of cationic lipid reagents shows excellent transfection efficiency in a
standard in vitro culture, where, in general, lipoplexes are diluted and formed in serum
free culture medium and added to the culture media above adherent or suspended cells.
However, the lower transfection efficiency is observed in the presence of serum or body
fluid in vitro tissue culture and in vivo conditions. The positively charged lipid and
lipoplexes tend to interact with serum proteins, lipoproteins, heparin and
glycosaminoglycans, leading to aggregation or degradation of DNA prior to intracellular
entry; reviewed in Mahato et al. (1997). The body fluid, such as amniotic fluid has shown
adverse effects on transgene expression in mouse embryonic cell line in vitro (Douar et
al., 1996). In addition, Yang and Huang (1997) showed that negatively charged serum
proteins have decreased transfection efficiency at low charge ratios of lipoplexes;
however, they did not affect transfection efficiency at higher charged ratios of lipoplexes.
These authors also showed that the lowered transfection efficiency in presence of serum
was overcome by increasing charge ratios. Therefore, the charge ratio of lipid to DNA is
a critical factor for efficient gene transfer transgene efficiency, and it is important to
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optimize DNA lipid ratio conditions for particularly, the in vitro tissue culture or in vivo
conditions.
2.4.2

Electroporation
Electroporation was first introduced by Neumann et al. (1982) and has been used

as an efficient physical method for introducing small molecules, such as plasmid DNA,
RNA, proteins, drugs, or dyes into in vivo and in vitro mammalian cells and tissues for its
therapeutic potentials; reviewed in Heller et al. (2005) and Mir et al. (2005).
Electroporation induces a reversible permeabilization of mammalian cell membranes via
electric pulses, which allows entry of plasmid DNA (André and Mir, 2004; Gehl, 2003;
Luo and Saltzman, 2000). The exact mechanism of plasmid DNA entry into cell
membrane has yet to be elucidated. According to proposed mechanism, when mammalian
cells in the tissue are exposed to the pulsed electric field, the cell membrane components
become polarized and a voltage potential develops across the membrane. If the voltage
potential difference exceeds a threshold level, the reversible cell membrane breakdown
occurs and temporal pores (40 to 120 nm) are formed in microsecond time frame. Most
pores are resealed over a range of minutes, after allowing plasmid DNA or other small
molecules to interact with the cell membrane and enter into the cell cytoplasm by a
process of DNA electrophoresis. Subsequently, the plasmid DNA is fused into nuclear
membrane (Gehl, 2003; Shigekawa and Dower, 1988; Wells, 2010). Proposed
mechanism of cell membrane permeabilization and plasmid electroporation into cells is
illustrated in Figure 2.6. The pulsed electric field can be applied to cells by passing an
electric pulse through a cell suspension using cuvettes. In addition, electric pulses can be
easily applied on small internal or external tissues in animals with various types of
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electrodes, such as plate, needle, caliper, and tweezer electrodes and achieves highly
efficient gene transfection (Gehl, 2003; Mir et al., 2005; Wells, 2004). Two different
types of electric pulse generators have been used to transfer plasmid DNA into cells:
square wave pulse and exponential pulse generators. The voltage of an exponential pulse
is raised to initial peak amplitude, and then decreases exponentially (Shigekawa and
Dower, 1988). The voltage of a square wave is raised to given amplitude, which is
maintained for specific pulse duration, then is returned to zero. An advantage of square
pulse generator is that the key parameters of electroporation, such as pulse duration and
numbers and electrical field strength can be independently controlled and easily
optimized to maximize transfection efficiency and maintain cell viability (Gehl, 2003).
Figure 2.7 shows electroporation into an ovarian follicle tissue using a square wave pulse
generator and a tweezer electrode. Gene transfer studies in mouse tissues in vitro have
reported that electroporation showed greater transfection efficiency when compared with
cationic lipid mediated gene transfer method (Cemazar et al., 2002; Heller et al., 2008).
However, several studies have reported that a certain degree of cell death and tissue
damage in vivo studies associated with this procedure. Pringle et al. (2007) performed
electroporation with needle array electrodes in mouse lung tissue in vivo and observed
more lung tissue damage with electroporation of plasmid with higher field strength and
shorter electric pulse duration (800 V/cm for 2 ms) compared with lower field strength
and longer pulse (200 V/cm for 20 ms). Also, the authors have shown that significant
tissue damages on the parts of lung that are directly in contact with electrodes. In
addition, varying degree of muscle damages were observed in rat in vivo following
different number of pulse or pulse duration of the electrical pulses of electroporation in
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rat skeletal muscle in vivo (Mathiesen, 1999). Furthermore, Spugnini et al. (2011) showed
that needle electrode caused more severe skeletal muscle damage than caliper electrode in
mouse. These studies demonstrated that it is important to determine optimal
electroporation parameters, including electrical field strength, pulse duration, and total
number of applied pulses in various experimental conditions (e.g., types of cell and
tissue, size of tissue, and electrode type) for the efficient gene transfer with minimal
tissue damage.

Figure 2.6

Proposed mechanism of plasmid electroporation into cells.

Cell membrane (1); cell membrane permeabilization (2); DNA electroporation (3); and
resealed cell membrane (4).
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Figure 2.7

Electroporation with a square wave pulse generator and a platinum
Tweezertrodes™ size of 5 mm in diameter

(BTX Harvard Apparatus, Holliston, MA).
2.5

Applications in nonviral gene transfer in reproductive tissues
Over recent years, an increasing number of studies have successfully employed

nonviral gene transfer system and reporter gene technologies to study gene function and
regulation, to determine potential applicability of gene therapy and to generate transgenic
animals in reproductive tissues.
2.5.1

Gene transfer to the uterus and oviduct
A number of studies of in vivo gene transfer to uterus and oviduct have been

reported to assess gene expression and regulation and potential applicability of gene
therapy. Gene transfer to intact human uteri using cationic lipid mediated gene transfer
was performed in vitro (Daftary and Taylor, 2001). DNA-lipid complexes were
36

administered into the uterine cavity using a catheter. A higher level of β-galactosidase
activity was observed in endometrium of uterus transfected with LacZ plasmid DNA and
cationic lipid compared to control endometrium of uterus with empty plasmid DNA.
Researchers observed β-galactosidase activity, indicative of transgene expression, in 50%
the endometrial glandular epithelium, 25% in stromal cells, and 15% of myometrial cells;
however, they found that β-galactosidase activity was decreased with increasing distance
from the endometrial-myometrial junction, indicating localized uterine transfection.
In another study, the effectiveness and feasibility of cationic lipid mediated gene
transfer to in vivo mouse uterus and its potential in vivo applicability in humans were
evaluated (Charnock-Jones et al., 1997). Cationic lipids and DNA plasmid containing
LacZ and luciferase reporter genes were injected into the uterine horns of mated female
mice. After 2 days of transfection, the uterine horns were dissected and sectioned for
immunohistochemistry using β-galactosidase staining, and the luciferase assay was
conducted to assess the transfection efficiency. The increases in β-galactosidase and
luciferase gene expressions resulted in mouse uterine in vivo with lipid mediated gene
transfer compared with controls transfected without cationic lipid.
Also, a similar methodology was applied to study function of Hoxa10 gene in
embryo implantation in vivo (Bagot et al., 2000). Hoxa10 antisense and Hoxa10 cDNA
were injected with cationic lipids into uterine horn in pregnant mice in vivo. Hoxa10
antisense transfected mice had a significant lower number of implantation size compared
to mice without Hoxa 10 antisense transfection. And, the overexpression of Hoxa10 DNA
resulted in an increased fetal survival rate and large litter size. The results of this study
have shown that Hoxa10 gene expression in endometrium of uteri is necessary for
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embryo implantation in mouse. The researcher demonstrated potential for the treatment
of infertility caused by embryo implantation failure or for development of contraceptives
by blocking embryo implantation with mouse animal model using cationic lipid gene
transfer.
Furthermore, electroporation was used to develop a new methodology to assess
steroid induced transcriptional activities in the oviduct of laying hens in vivo (Park and
Muramatsu, 1999). Plasmid DNA consisting of steroid responsive elements (SRE)
upstream of chloramphenicol acetyltrasferase (CAT) reporter gene was injected into the
oviduct following electroporation. The authors reported that steroid administration
induced CAT reporter gene expression; however, CAT reporter gene expression did not
occur in oviducts without steroid administration and in the control group, indicating
induction of transcriptional activities by steroid.
2.5.2

Gene transfer to the ovaries
In vivo gene transfer to rabbit ovaries was also reported to study gene function

and regulation and determine potential applicability of somatic cell gene transfer
(Laurema et al., 2003). This study determined transgene expression in rabbit oocytes and
ovarian cells via direct injections cationic lipid mediated plasmid DNA encoding a LacZ
reporter gene into uterine arteries. The authors have found that transgene was expressed
in corpus luteal, granulosa cells, and primordial oocytes in of the ovaries. However,
transgene expression did not occur in the mature rabbit oocytes surrounded by zona
pelludia, demonstrating that the function of zona pellucida, which is to protect against the
entrance to foreign genes into the oocytes. Recently, Sato et al. (2012a) also reported
similar results that gene transfer via electroporation in mouse ovaries did not occur in
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oocytes with zona pellucida. In this study, reporter plasmid DNA encoding LacZ and
enhanced GFP was injected into antral follicles of mice ovaries, and then electroporation
was applied using a tweezer electrode. The histological sectioned ovaries were revealed
that 50 to 100 % LacZ transfection occurred in mice ovarian follicles, but only confined
to thecal and granulosa cells.
To determine an essential role for vascular endothelial growth factor (VEGF) in
improving follicular development and oocyte maturation, lipid mediated gene transfer
method was used in rat ovaries in vivo (Shimizu et al., 2007). The authors in this study
injected VEGF cDNA/lipid complexes into ovaries in immature rat in vivo and shown
increased ovulation rate with VEGF gene transfer in the immature rat ovaries. The
comparisons of histological sectioned ovaries from with VEGF gene transfer and without
VEGF gene transfer verified that VEGF improves antral follicle development in
immature female rats.
2.5.3

Gene transfer to the testis
Gene transfer to male reproductive testis was also performed to study gene

function and regulation and to determine potential applications in gene therapy.
Electroporation was used to determine the feasibility of real-time bioluminescence
imaging in the testis of chickens in vivo (Sugihara et al., 2000). Chloramphenicol
acetyltransferase (CAT) and firefly luciferase reporter genes were transfected in chicken
testis. In this study, the localization of transgene expression was determined around the
injection site of the testis by bioluminescence imaging. CAT transgene expression was
peaked from 7 to 14 days and detected as long as 28 days after the electroporation. The
study demonstrated that a long term transgene expression in chicken testis using
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electroporation, and the study showed that bioluminescence imaging is a rapid and
convenient technique for the monitoring of gene transfer and expression in real-time.
Using cationic lipid mediated gene transfer, Esponda and Carballada (2009b)
conducted to develop a new methodology for gene transfer in male mouse cauda
epididymis in vivo. The cauda epididymis is an important organ in development and
maturation of spermatozoa. Proteins secrete in this organ are known to support oocyte
and sperm interactions in fertility. GFP or alkaline phosphatase (AP) reporter gene was
used with a cationic lipid reagent, Fugene® 6. DNA-lipid complexes were injected into
the lumen of the distal region of the cauda epididymis using a microinjection needle.
Researchers found that transgene was detected in the fluid secreted by the transfected
cauda epididymis using AP assays and observed the highest transgene expression in the
cytoplasm of epithelial cells of the transfected cauda epididymis. This finding suggested
that the transgene expression occurred in the cauda epididymis secretions in vivo and
these approaches can be used to introduce genes that support sperm maturation and sperm
oocyte interactions into the secretion during fertilization.
2.5.4

Applications of nonviral gene delivery to generate transgenic animals
There have been many reports about nonviral gene transfer to female and male

reproductive tissues and germ cells in order to develop more effective and simple
methods to obtain transgenic animals than the conventional method, which is the direct
microinjection of foreign DNA into pronuclei of fertilized eggs. Vichera et al. (2011)
recently reported that efficient method to introduce genes into oocytes, embryos, and
parthenogenetic embryos by cationic lipid mediated gene transfer method. GFP reporter
complexed with cationic lipid was injected into cytoplasm of bovine oocytes, zygotes,
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parthenogenetic embryos. This study showed that 70% of cleaved embryos and 50% of
blastocyst and 48.4% parthenogenic embryos were showed GFP positive, indicating
transgene expression.
In addition, Sato et al. (2012b) have performed in vivo gene transfer to the oviduct
of pregnant mice by an electroporation. In this study, GFP reporter plasmid DNA was
injected into oviducts of pregnant mice. Subsequently, electric pulses were applied in the
oviduct using a tweezer eletrode. The mice oviducts were positive for GFP expression
and 33% of 8 cell stage embryos were GFP positive. However, the transgene expression
did not last in the late gestational stage fetuses. This study showed that not only oviduct
epithelium but also preimplantation embryos contained in the oviduct expressed the GFP.
This study demonstrated that possibility to generate transgenic animals with transfection
by electroporation in oviduct in vivo.
Several researchers have attempted testis-mediated gene transfer using nonviral
gene transfer system for generating transgenic animals. In vivo gene transfer to
seminiferous tubules was performed by electroporation (Yamazaki et al., 2000). In this
study, GFP reporter plasmid DNA was injected into seminiferous tubules, where the
germ cells are located. And then, electroporation was performed by applying electrical
pulses to mouse testis using a tweezer eletrode. Adult male mice were allowed to mate
after 10 days GFP gene transfer. The study has shown that transgene expression was
detected in seminiferouse tubules and sertoli cells of testis and lasted even after 2 month
after transfection. However, no transgenic mouse was born from the male mice
transfected GFP gene using electroporation.
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Moreover, a similar experiment has also been done in golden hamster testis in
vivo using electroporation gene transfer method (Hibbitt et al., 2006). Enhanced yellow
fluorescent protein (EYFP) DNA was used as a reporter gene. The authors reported that a
transient gene expression was detected in seminiferous tubules, testis, and epididymal
sperm, and the gene transfer by electroporation method did not have a negative impact on
the testicular integrity and sperm viability and motility in hamster in vivo.
Using a cationic lipid gene transfer method, Ogawa et al. (1995) performed gene
transfection to adult mouse testis in vivo by repeated microinjections of lipids and βgalactosidase reporter DNA complexes. In this experiment, a repeated microinjection of
lipids and β-galactosidase reporter DNA complexes led to a positive β-galactosidase
expression rate of 80% for the blastocysts derived from oocyte fertilized by sperm of
male mice receiving testis-mediated gene transfer.
2.5.5

Nonviral gene transfer in domestic animals
The combination of plasmid DNA injection with electroporation has been used to

improve reproductive efficiency in large domestic animals. Plasmid DNA encoding
growth hormone- releasing hormone (GHRH) cDNA was transfected to neck muscle of
dairy cow by electroporation during the heat stress period (Brown et al., 2008). This
study shows that GHRH gene transfer improved the growth, production, fertility, and
lactation in dairy cow during the periods of heat stress period. In addition, the same group
performed GHRH gene transfer via electroporation to gestating sows and showed that
decreased morbidity and mortality in treated pregnant sows and their offspring over three
consecutive pregnancies (Person et al., 2008).
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CHAPTER III
QUANTITATIVE BIOLUMINESCENCE IMAGING OF TRANSGENE EXPRESSION
IN INTACT PORCINE ANTRAL FOLLICLES IN VITRO

3.1

Abstract
For accurate bioluminescence imaging quantification and reproducible analysis of

transgene expression in intact ovarian follicles, it is important to determine the
relationships between plasmid DNA delivery dose, luciferase expression/photon
collection dynamics, and the amount of D-luciferin substrate needed for optimal reaction
catalyzation and light production. First, to determine whether transfection by a cationic
lipid mediated gene transfer method was dose dependent, plasmid DNA (pGL4) encoding
a luciferase reporter gene (1-3 µg) complexed with lipid transfection reagent (Fugene® 6)
was injected into intact porcine antral follicles. We also analyzed the time course of
bioluminescence emitted from each transfected follicle by imaging them every 30
seconds upto 10 minutes. The level of luciferase expression level of follicles with 3 µg
(1.31x108 ± 4.69x107 p/s) pGL4 was significantly (P < 0.05) greater than the 1 µg
(2.30x107 ± 7.53x106 p/s) and 2 µg (4.38x107 ± 1.53x107 p/s) groups at 1 min after Dluciferin injection. The bioluminescence intensity of transfected follicles reached a peak
at 1 min, and then it was significantly reduced (P < 0.05) within 2 min after the injection
of D-luciferin; with the level of bioluminescence emission remaining constant from 2.5
min to 10 min. In addition, the effect of increasing doses from 5 to 300 µg of substrate,
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D-luciferin, was determined for quantitative analysis. The bioluminescence emission was
maximal with 300 µg of D-luciferin. Moreover, to verify the luciferase expression in
granulosa cells of intact follicles, the cells were isolated from the transfected intact
follicles and assayed for luciferase activity. Luciferase activity measured in granulosa
lysates of intact follicles transfected with 1, 2, and 3 µg of pGL4 revealed a linear dose
response. The results demonstrated that reporter genes can be transferred to intact
granulosa cells with a lipid-mediated gene transfer method within the living follicles in
vitro, and the level of transgene expression can be assessed by real-time bioluminescence
imaging through the intact follicle itself. The results of this study suggested the
investigation of factors influencing bioluminescence measurements is a critical step
toward developing a new real-time bioluminescence imaging model.
3.2

Introduction
The ovarian antral follicle consists of an oocyte and surrounding follicular

components, including theca, granulosa, and cumulus cells, and follicular fluid. The
follicle unit is an essential microenvironment for efficient oocyte maturation and its
developmental competence. The progression of nuclear and cytoplasmic oocyte
maturation in vivo occurs within the follicle and is regulated by the interactions between
oocytes and the follicular components; reviewed in Moor et al. (1996) and Hunter (1998).
Therefore it is important to develop a novel methodology that allows investigating
changes in cellular and molecular events and in the context of the whole follicles.
Bioluminescence imaging within organisms or tissues is a powerful tool that has
been used in a myriad of applications for monitoring cellular signaling pathways, gene
expression and regulation, protein-protein interactions and disease progression in small
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animals; reviewed in Badr and Tannous (2011). Bioluminescence imaging is based on the
detection of visible light produced by chemical reaction of luciferase and its substrate, Dluciferin, in the presence of oxygen and ATP. The firefly luciferase is the most
commonly used bioluminescent reporter gene. A variety of molecular events in living
cells, tissues and animals can be monitored depending on the genetic regulatory
sequences of interest driving luciferase reporter gene expression (Hodge and Clausen,
2000). Bioluminescence imaging has advantages over other systems due to its lower
background as well as greater signal-to noise ratio compared to fluorescence (Fan and
Wood, 2007). In addition, for real-time imaging in living systems the substrate, Dluciferin, is known to be non-toxic to mammalian cells and small animals, and luciferase
has a short half-life and does not require excitation of the probe to quantify activity,
which allows for dynamic measurements (Contag et al., 1998; Ignowski and Schaffer,
2004). For these reasons, bioluminescence imaging has a great potential to facilitate
noninvasive, dynamic and real-time analysis of molecular events that may play essential
roles in follicular development, oocyte maturation and developmental competence. We
used an in vitro intact antral follicle culture system for large species developed by Moor
(1977) throughout this dissertation. This culture system provides the microenvironment
that more closely mimicked native ovarian follicles in vivo.
In this chapter, we explored the quantitative bioluminescence imaging of
luciferase reporter-mediated gene transcription in intact living antral follicles from
porcine ovaries. Bioluminescence measurements can be influenced by a variety of
factors, including the time courses of luciferase-luciferin reactions, and effective plasmid
DNA and D-luciferin doses and combinations. Therefore, first, we analyzed the time
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course of bioluminescence emitted from transfected living intact follicles using a cationic
lipid mediated gene transfer method with increasing doses of plasmid DNA (pGL4)
encoding a luciferase reporter gene under control of a constitutively active promoter. In
addition, a standard luciferase assay was used to confirm the luciferase expression in
granulosa cells in the transfected intact antral follicles. Finally, the effects of substrate, Dluciferin, doses were determined for optimal quantitative bioluminescence imaging of
intact porcine antral follicles in vitro.
3.3
3.3.1

Materials and Methods
Porcine ovary collection and antral follicle dissection
All the culture medium and its supplements used in the present study were

purchased from Invitrogen (Carlsbad, CA) unless otherwise indicated. Ovaries in the late
follicular phase of the estrous cycle were collected from mature sows at a local
slaughterhouse. The stage of estrous cycle was predicted based on the morphological
description of Hunter and Baker (1975). An example of porcine ovaries collected from a
mature sow is shown in Figure 3.1 A. The ovaries were transported on ice to the
laboratory within 3 hours in a sterile polypropylene container (Corning, Lowell, MA),
containing 200 ml of ice cold CO2 Independent Medium supplemented with L-glutamin
(4 mM), penicillin (100 U/ml), and streptomycin (100 µg/ml), which was also used as a
dissection medium. On arrival at the laboratory, ovaries were rinsed in ice cold
phosphate-buffered saline and kept in the sterile beaker with fresh dissection medium on
ice. Porcine intact follicles were dissected as described by Moor et al. (1973). Briefly,
antral follicles between diameters of 6.5 to 7.5 mm were dissected from the surrounding
connective tissue of the ovary using a dissecting knife with disposable blades. Each
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dissected follicle was transferred to 2 ml of ice cold dissection medium in an individual
well of 24-well culture plates (Corning, Lowell, MA). These dissected follicles were
trimmed of any remaining connective tissue and stromal cells using a pair of scissors and
forceps (Fine Science Tools Inc., Foster City, CA) under a dissecting microscope. All the
follicles were kept on ice with the dissection medium in 24-well culture plates during the
entire dissection. Healthy follicles were selected on the basis of morphological criteria as
described previously by Kruip and Dieleman (1982) and Guthrie et al. (1995). Dissected
porcine ovarian follicles between 6.5 to 7.5 mm in diameter are shown in Figure 3.1 B.

Figure 3.1

Porcine ovaries, dissected antral follicles and DNA lipid complex
microinjection of ovarian antral follicles.

A pair of porcine ovaries in follicular phase of the estrous cycle (white scale bar = 1 cm)
(A); dissected porcine antral follicles between 6.5 to 7.5 mm in diameter (B); and DNA
lipid complex microinjection into an antral follicle size between 6.5 to 7.5 mm in
diameter on 100 x 15 mm sterile polystyrene disposable petri dish containing
approximately 20 ml of CO2 Independent Medium using the Eppendorf FemtoJet®
microinjector under a standard dissecting microscope (C).
3.3.2

DNA complex formation and microinjection into the follicular antrum
The pGL4 [luc2/CMV/Hygro] vector (Promega, Madison, WI) encoding a

luciferase reporter gene controlled by a cytomegalovirus (CMV) promoter and enhancer
was used as a reporter plasmid throughout this study. pGL4 was transformed and
replicated by One Shot® MAX Efficiency® DH5α™-T1R Competent Cells (Invitrogen,
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Carlsbad, CA). pGL4 plasmid DNA was isolated and purified by EndoFree Plasmid Maxi
Kit (Qiagen, Valencia, CA) and eluted in distilled water to a final concentration of 1.5-3
µg/µl DNA. DNA complexes were prepared using the lipid based reagent FuGENE® 6
(Roche, Indianapolis, IN), according to the manufacturer’s protocol with modifications.
The complexes were formed with a pGL4 (µg) to FuGENE® 6 reagent (µl) ratio of 2:5
(20 µg pGL4: 50 µl of FuGENE® 6). Briefly, 20 µg (1.5-3 µg/µl) of pGL4 was diluted in
50 µl of distilled water. The diluted pGL4 was transferred into a 500 µl sterile
microcentrifuge tube. 50 µl of FuGENE® 6 reagent was added to diluted pGL4, and the
total 100 µl of the complex mixture was mixed thoroughly by brief vortex and incubated
for 20 min.
For the injection of DNA complexes into the follicular antrum, a FemtoJet®
(Eppendorf, Hauppauge, NY) microinjector was used in combination with Femtotips II
(Eppendorf, Hauppauge, NY) injection capillaries under a standard dissecting
microscope. Isolated follicles were incubated for 4 hours at 38.5°C and with 45% O2;
50% N2; 5% CO2 prior to starting the microinjection procedure. The follicles were
transferred individually to a 100 x 15 mm sterile polystyrene disposable petri dish (Fisher
Scientific, Pittsburgh, PA) containing approximately 20 ml of CO2 Independent Medium
(Invitrogen, Carlsbad, CA). Five µl to 15 µl of DNA complex was then loaded into an
injection capillary (Femtotip II) using a Microloader (Eppendorf, Hauppauge, NY)
pipette tip inserted through the back of the injection capillary. Each tip of the injection
capillary was broken slightly by gently pressing the tip against the edge of the fine
forceps so that the DNA complex could pass through easily without clogging. Individual
follicles were held by fine forceps, and the injection capillary tip was pushed into the
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antrum of the follicle. Then, DNA concentrations ranged from 1 to 3 µg, in a 5 to 15 µl
complex volume, was injected slowly by pushing the injection button manually with an
injection pressure range from 100 to 150 hPa depending on the inner diameter of the
injection capillary. The procedure of microinjection into antral follicle is shown in Figure
3.1 C. After injection the capillary was quickly withdrawn from the follicle to avoid
introducing air into the follicle. The injection into each follicle was not conducted more
than once to avoid losing follicular fluid. After the injection, the follicles were incubated
for 20 hours at 38.5°C and with 45% O2; 50% N2; 5% CO2.
3.3.3

In vitro intact follicle culture
Opti-MEM®-I reduced serum medium supplemented with 1% (v:v) of Insulin-

Transferrin-Selenium-X Supplement (100X), penicillin (100 U/ml), and streptomycin
(100 µg/ml) (Invitrogen, Carlsbad, CA) was used for the intact follicle culture. The
follicles were cultured individually on a membrane of Millicell-CM culture plate insert
(Cat. No. PICM0RG50; Millipore, Billerica, MA) in tissue-culture treated 6 well culture
plates (Fisher Scientific, Pittsburgh, PA). The intact follicle culture condition in vitro is
shown in Figure 3.2. The insert was rested in 1.1 ml of culture medium in order to cover
the surface of the follicle only with a thin film of culture medium. This culture system
allows preventing the follicle surface from dryness and exposing it to the air for sufficient
oxygen diffusion to the follicular cells at the inside of the follicle. The antral follicles
were cultured at 38.5°C in a Modular Incubator Chamber (Billups-Rothenberg Inc., Del
Mar, CA) containing 45% O2; 50% N2; 5% CO2 (Bryant-Greenwood et al., 1980; Fouladi
Nashta et al., 1998; Moor, 1977) for 20 hours. Examples of intact antral follicle culture
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system at 0 hour and in vitro intact follicle culture after 20 hours are shown in Figure 3.2
A and 3.2 B.
3.3.4

Bioluminescence imaging
Transient luciferase expression from a transfected porcine intact follicle was

monitored 20 hours after DNA:lipid complex injection. The antral follicles at 0 hour after
DNA:lipid complex injection are shown in Figure 3.2 A, and the same follicles after 20
hours of incubation are shown in Figure 3.2 B. Bioluminescence emitted from the intact
follicle was detected using a Xenogen IVIS 100 Imaging system (Caliper Life Sciences,
Hopkinton, MA). Ten µl of XenoLight RediJect D-luciferin (30 µg/µl in PBS; Caliper
Life Sciences, Hopkinton, MA) was injected to each follicle with the microinjection
method described previously.

Figure 3.2

Representative in vitro antral follicle culture conditions.

Follicles sizes between 6.5 to 7.5 mm in diameter were cultured individually on a
membrane of Millicell-CM culture plate insert in the 6-well plate with Opti-MEM®-I
reduced serum medium. The antral follicles at 0 hour after DNA:lipid complex injection
(A) and the same follicles after 20 hours of culture in vitro (B) are shown.
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After injection, each intact follicle was immediately placed into a light-tight and
temperature controlled chamber (39°C). Bioluminescent Images were acquired with a 30
seconds exposure. For time-course studies, images were acquired every 30 seconds for 10
minutes using a sequential image capture mode. A constant size, circular region of
interest (ROI; 1.5 cm in diameter) was drawn on the capture images over each follicle
unit, and luminescence emitted from each unit was quantified using Living Image
software, version 3.0 (Caliper Life Sciences, Hopkinton, MA). The signal intensity was
reported as normalized total photon flux (photons/sec; p/s) within the ROI.
3.3.5

Granulosa cell isolation and luciferase assay
Individual follicles were transferred into a sterile 1.5 ml microcentrifuge tube and

cut in half using scissors. The follicular fluid of each follicle was isolated by
centrifugation for 10 min at 1500 x g at 4°C. Follicles from the each group were placed
into 3 ml of HBSS (Ca2+/ Mg2+ free Hank’s Balanced Salt supplemented with 0.25 mM
of HEPES) medium on a 35 mm petri dish and kept on ice. Granulosa cells were isolated
by scraping the inside follicle wall using a pair of small curved forceps and centrifugated
for 10 min at 1500 × g at 4°C. Oocytes were removed by using 40 µm nylon cell strainers
(Fisher Scientific, Pittsburgh, PA). The cells were washed three times in HBSS medium
and counted in a hemocytometer. Then, granulosa cells were suspended in CO2
Independent Medium. For luciferase assay, a density of 2 x 105 cells/500µl granulosa
cells was plated into 24-well culture dish in triplicate, and Bright–Glo (Promega,
Madison, WI) was used to assay for luciferase activity following the instructions given by
the supplier. The luminescence emission was detected and quantified using a Xenogen
IVIS 100 Imaging system (Caliper Life Sciences, Hopkinton, MA).
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3.3.6

Statistical analysis
For time course studies, data were analyzed by repeated measures ANOVA with

Wilks’ Lambda and one-way ANOVA followed by Fisher’s PLSD test using the
StatView program (SAS Institute Inc., San Francisco, CA). For the remaining studies,
data were analyzed by one-way ANOVA followed by Fisher’s PLSD test. Data are
expressed as mean ± SEM. A probability of P < 0.05 was considered to be statistically
significant.
3.4
3.4.1

Results
Time courses of bioluminescence emitted from transfected intact antral
follicles with increasing doses of a luciferase reporter gene.
To determine whether gene transfection by a cationic lipid mediated gene transfer

method was dose dependent, 1 µg, 2 µg, and 3 µg of plasmid DNA (pGL4) encoding a
luciferase reporter gene complexed with lipid transfection reagent (Fugene® 6) was
injected into intact antral follicles. A total number of 87 follicles at late follicular phase
were randomly distributed in four different groups (DNA only, 1 µg, 2 µg, and 3 µg). The
DNA only group represents a group of intact follicles (n = 22) transfected with 2 µg
pGL4 (a luciferase reporter gene) only; 1 µg group represents a group of intact follicles
(n = 22) transfected with 1 µg of pGL4: lipid complexes; 2 µg group represents a group
of intact follicles (n = 21) transfected with 2 µg of pGL4: lipid complexes; and 3 µg
group represents a group of intact follicles (n = 22) transfected with 3 µg of DNA:lipid
complex. After 20 hours, we further analyzed the time course of bioluminescence emitted
from individual transfected follicles in each group by imaging them every 30 seconds for
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10 minutes. The luciferase activity (photon flux; photons/sec) of each follicle was
represented as mean ± SEM from nine independent experiments (Figure 3.3).
Repeated measures analysis showed that the luciferase activity of follicles in the 3
µg group was significantly greater than the 1 µg group (MANOVA with Wilks lambda
post hoc comparison; P = 0.01) over time; as shown in Figure 3.3. There was no
significant difference between the 2 µg group and 1 µg group (P = 0.16), or between the
3 µg group and 2 µg group (P = 0.12) in luciferase activity. The luciferase activity
reached a peak at 1 min in the 1 µg (2.30x107 ± 7.53x106 p/s), 2 µg (4.38x107 ± 1.53x107
p/s), and 3 µg (1.31x108 ± 4.69x107 p/s) groups and was significantly reduced (P < 0.05)
within 2 min after the injection of D-luciferin (Figure 3.3) among these groups. The mean
luciferase activity of follicles in the 1 µg group, 2 µg group, and 3 µg group at 1 min was
significantly reduced (P < 0.05) when compared to 1.5 min and 2 min. The luciferase
activity remained constant from 2.5 min to 10 min. Individual time point analysis
revealed that the luciferase expression level of follicles in the 3 µg (1.31x108 ± 4.69x107
p/s) group was significantly greater (P < 0.05) than the 1 µg (2.30x107 ± 7.53x106 p/s)
and 2 µg (4.38x107 ± 1.53x107 p/s) groups (one-way ANOVA with Fisher’s PLSD post
hoc test) at 1 min after D-luciferin injection. In contrast, the luciferase activity of intact
follicles did not differ between the 2 µg group and 1 µg group (P = 0.62) at 1 min after
luciferin injection. Bioluminescence imaging of representative follicles in the DNA only,
1 µg, 2 µg, and 3 µg groups at 30 sec, 1 min, and 10 min after 300 µg of D-luciferin (30
µg/µl in PBS) injection is shown in Figure 3.4.
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Figure 3.3

Time courses of bioluminescence emitted from transfected intact antral
follicles with increasing doses of luciferase reporter gene.

A total of n = 87 follicles were randomly distributed in four different groups (DNA only,
1 µg, 2 µg, and 3 µg groups). DNA only group represents a group of intact follicles (n =
22) transfected with 2 µg pGL4 (a luciferase reporter gene) only; 1 µg group represents a
group of intact follicles (n = 22) transfected with 1 µg of pGL4: lipid complexes; 2 µg
group represents a group of intact follicles (n = 21) transfected with 2 µg of pGL4: lipid
complexes; and 3 µg group represents a group of intact follicles (n = 22) transfected with
3 µg of DNA:lipid complex. After 20 hours transfection, each follicle was imaged with
series of 30 sec exposure time and 5 binning up to 10 minutes. Data are plotted as mean ±
SEM of Luciferase Activity (Photon Flux; p/s) over time. Values with different
superscripts in a group are significantly different (P < 0.05).
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Figure 3.4

Bioluminescence imaging of representative follicles in DNA only, 1 µg, 2
µg, and 3 µg groups at 30 sec, 1 min, and 10 min after 300 µg of Dluciferin injection.

Three antral follicles at follicular phase transfected with 1μg, 2 μg and 3 μg, of pGL4
encoding a luciferase expression vector and cationic lipids. A follicle in DNA only group
was injected with 2 µg of pGL4. Images shown were collected bioluminescence images
at 30 sec, 1 min, and 10 min after 300 µg of D-luciferin (30 µg/µl in PBS) injection. The
scale bar on the right shows pseudocolor display for the photon counts of firefly
luciferase with red and blue representing highest and lowest values, respectively.
Bioluminescence signals are displayed in pseudocolors and superimposed on the bright
field imaging. Because of absence of emitted light, negative control is shown as a bright
field image.
3.4.2

Luciferase activity in granulosa cells
To verify the luciferase expression in granulosa cells, the cells were isolated from

the transfected intact antral follicles in the DNA only, 1 µg, 2 µg and 3 µg groups, and
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were assayed for luciferase activity using Bright-Glo in Figure 3.5. The experiment was
repeated three times. The luciferase level of granulosa cells from the 3 µg group
(1.23x108 ± 1.69x107 p/s) was significantly higher (P < 0.05) than the granulosa cells
from the 2 µg group (8.52x107 ± 1.13x107 p/s), 1 µg group (5.53x107 ± 3.78x106 p/s),
and DNA only group (1.12x107 ± 5.72x106 p/s) (Figure 3.5 A and B).
3.4.3

Effect of increasing D-luciferin (substrate) dose on the level of luciferase in
intact antral follicles
To investigate luciferase activities in transfected intact follicles responding to D-

luciferin substrate doses, a total number of 96 follicles were transfected with 3 µg of
pGL4 (luciferase reporter gene) and randomly distributed to n = 6 different D-luciferin
substrate groups (5 µg, 15 µg, 75 µg, 100 µg, 150 µg, and 300 µg groups). After 20 hours
transfection, increasing doses of 5 µg, 15 µg, 75 µg, 100 µg, 150 µg, and 300 µg Dluciferin were injected (10 µl volume) into each follicle. The bioluminescence from each
follicle was detected using the IVIS system after 1 min the D-luciferin injection and
expressed luciferase activity quantified (photon flux; photons/sec). The data are
represented as mean ± SEM from nine independent experiments as shown in Figure 3.6.
We found increased luciferase activities in intact follicles with increasing doses of Dluciferin from 5 to 300 µg shown in Figure 3.6. The luciferase activity was significantly
greater (P < 0.05) in the 300 µg (1.40x108 ± 3.77x107 p/s) group when compared to all
D-luciferin amounts, except for the 150 µg (1.29x108 ± 4.07x107 p/s) group, which were
not statistically different from each other (Figure 6).When compared between the 100 µg
(6.28x107 ± 1.63x107 p/s) and 150 µg (1.29x108 ± 4.07x107 p/s) groups, no differences (P
> 0.05) were found. The luciferase activity of intact follicles in the 75 µg group tended to
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be greater than the 150 µg group (P = 0.058) (Figure 3.6). The representative
bioluminescence imaging of intact follicle transfected with 3µg of luciferase reporter
plasmid at 1 min after 300 µg of D-luciferin (30 µg/µl in PBS) injection is shown in
Figure 3.7.
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Figure 3.5

Luciferase activities in isolated granulosa cells from intact follicles in DNA
only, 1 µg, 2 µg, and 3 µg groups.

To demonstrate luciferase activity in follicular granulosa cells, luciferase activity of
isolated granulosa cells (2x105 cells per well) from intact follicles in the DNA only (n =
9), group 1 (n =8), 2 (n = 8), and 3 (n = 7) were quantified using standard luciferase assay
(Bright-Glo) in lysed cells. The data are expressed as mean ± SEM of Luciferase Activity
(Photon Flux; p/s) over time. Values with different superscripts in a group are
significantly different (P < 0.05). Luciferase activities in isolated granulosa cells from
intact follicles in DNA only, 1 µg, 2 µg, and 3 µg groups (A). Luminescent imaging of
luciferase activity in a 24-well plate format (B).
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Figure 3.6

Effect of increasing D-luciferin (substrate) doses on luciferase activity in
intact antral follicles.

A total number of 96 follicles were transfected with 3 µg of pGL4 (luciferase reporter
plasmid) and randomly distributed to n = 6 different D-luciferin substrate groups (5 µg,
15 µg, 75 µg, 100 µg, 150 µg, and 300 µg groups). After 20 hours of transfection,
increasing doses of 5 µg, 15 µg, 75 µg, 100 µg, 150 µg, and 300 µg D-luciferin were
injected (10 µl volume) to each follicle. The bioluminescence signal intensity was
reported as mean ± SEM of luciferase activity (photon flux; photons/sec). Values with
different superscripts in a group are significantly different (P < 0.05).
3.5

Discussion
In this chapter, we have demonstrated the development of a new methodology for

measuring luciferase transgene expression in porcine intact follicles in vitro using an
intact follicle culture system and bioluminescence imaging. An intact follicle culture
system in vitro has been developed and used for large antral follicle culture in domestic
animals since the 1970s. This culture system has been applied towards understanding the
regulation of follicular steroidogenesis (Baker et al., 1975; Moor, 1977; Shemesh and
Ailenberg, 1977; Tsafriri et al., 1972) and determining the intrafollicular factors that
influence nuclear and cytoplasmic oocyte maturation (Fouladi-Nashta and Campbell,
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2006; Jaffe et al., 2009) within intact follicles. The advantage of the intact follicle culture
system over in vitro oocyte maturation or granulosa cell cultures is that it offers an intact
microenvironment to that of the oocyte in the follicle in vivo, and it allows investigating
interactions between the oocyte and other intrafollicular components of follicles (Hunter,
1998; Moor et al., 1998; Moor et al., 1996). Firefly luciferase reporter gene transfer using
bioluminescence imaging is known to provide dynamic, real-time and efficient methods
for the indirect measurement of transcription factors and gene expression levels in living
small animals, tissues and cells (Contag et al., 1998).To transfer the firefly luciferase
reporter gene (pGL4) in intact follicle, we used a cationic lipid gene transfer method,
which is a commonly used noninvasive, nonviral gene transfer methods (Gao et al.,
2007). To our knowledge, this is the first report of bioluminescence imaging of living
intact antral follicles in vitro. Because of the unique structure of ovarian follicles and
their transparency, we were able to quantify reporter luciferase gene expression in intact
follicles without disassembling the structure or lysing cells. The intrafollicular pressure of
antral follicles at follicular stage is known to be low (Ahmed Ebbiary et al., 1995), thus it
was possible to inject the lipid DNA complexes and D-luciferin (volume up to 15 µl) into
each follicle in vitro without causing the leakage of follicular fluid or disrupting the
follicle’s integrity. Even after 20 hours of culture in vitro, the integrity of lipid DNA
complex injected follicles remained intact, as shown in Figure 3.2 A and 3.2 B.
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Figure 3.7

Bioluminescence imaging of a follicle injected with 3 μg of pGL4 at 1 min
after 300 µg of D-luciferin injection.

Bright field follicle size between 6.5 to 7.5mm in diameter (A), 50% opacity (B), and
image overlay of luminescence and bright field (C).
Bioluminescence imaging is based on the reaction in which firefly luciferase,
produced from an encoded introduced by luc gene, catalyzes the oxidation of D-luciferin
substrate in the presence of ATP and oxygen to produce visible light. For accurate
quantification and reproducible analysis, it is necessary to determine factors that
influence the intensity of bioluminescence, such as the time course of the reaction, dose
responses of luciferase reporter gene after D-luciferin injection and the dose of Dluciferin needed for optimal reaction catalyzation and light production (Burgos et al.,
2003; Cui et al., 2008; Virostko and Jansen, 2009). First, we analyzed the time course of
bioluminescence emitted from transfected intact follicles with increasing doses of
plasmid DNA (pGL4). The level of bioluminescence emitted from each follicle was
assessed every 30 seconds for 10 minutes. As shown in Figure 3.3, the luciferase activity
reached peak at 1 min after 300 µg of D-luciferin injection and then was significantly
reduced within 2 min. It remained constant from 2.5 min to 10 min after D-luciferin
injection. The initial rise of bioluminescence from 0 min to 1 min (Figure 3.3) could
represent the mixing time of luciferase and D-luciferin injected in the follicles. In
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addition, the maximum luciferase activity at 1 min is probably the result of light
produced from accumulated luciferase and D-luciferin. Because the half-life of luciferase
in live mammalian cells is 2 hours (Ignowski and Schaffer, 2004), it can be speculated
that some of the luciferase may be accumulated in the follicles during the incubation
period. Following this, the luciferase activity decreased within 2 min as the accumulated
luciferase in the follicle was cleaved by the substrate D-luciferin. The sustained luciferase
activity from 2.5 to 10 min after D-luciferin injection, shown in Figure 3.3, may represent
turnover rates of the enzyme in real-time (Wood, 1998). Therefore, after D-luciferase
injection, bioluminescence imaging data can be analyzed at 1 minute or after 2.5 minutes
for accurate quantification and reproducible data analysis. Based on this time course
study, luciferase activities were acquired at 1 minute after luciferin injection in our
subsequent studies with intact antral follicles.
Our results in Figure 3.3 showed that luciferase activity increased with increasing
doses of the luciferase reporter gene (pGL4). The higher luciferase activity was observed
in follicles transfected with 3 μg of pGL4. A further increase in luciferase activity may be
achieved by increasing the pGL4 dose above 3 µg; however, due to the limitation of the
injection volume into individual intact follicles (15 µl), the 3 µg of plasmid DNA was the
maximum amount injected per follicle. Moreover, standard luciferase assays with lysed
granulosa cells isolated from transfected intact follicles in DNA only, 1 µg, 2 µg, and 3
µg groups shown in Figure 3.5 confirmed that luciferase expression was induced in
granulosa cells in the antral follicles. This result in Figure 3.5 showed that the lysed
granulosa cells from the intact follicles transfected with a 3 µg of pGL4 showed
significantly greater luciferase activity, consistent with the result in quantitative
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bioluminescence imaging of living intact follicles. These findings indicated that the
luciferase reporter gene can be transferred and expressed in porcine granulosa cells in an
intact ovarian follicle by cationic-lipid mediated gene transfer.
In order to assess gene expression level or transcription factors using the
luciferase reporter gene, it is critical to inject an excess amount of D-luciferase per
follicle so that the intensity of bioluminescence is proportional to the amount of the
luciferase reporter gene expressed in the follicles (Berger et al., 2008; Virostko and
Jansen, 2009). We determined dynamics of bioluminescence in transfected follicles
responding to varying D-luciferin doses. Our results shown in Figure 3.6 indicated that
D-luciferin dose influenced the intensity of bioluminescence in intact follicles. The
luciferase activity with 300 µg of substrate was significantly greater when compared to
with lower doses except for 150 µg. This indicated that 300 µg may be the saturating
amount of D-luciferin for our experimental model. Increasing D-luciferin dose above 300
µg may produce a further increase in light intensity; however 300 µg is the maximum
amount of D-luciferin that can be injected per follicle, and use of large amount of Dluciferin for imaging can become costly. Therefore, we used 300 µg of D-luciferin per
follicle in subsequent studies.
We have demonstrated the development of a novel methodology for measuring
firefly luciferase transgene expression in granulosa cells of intact porcine antral follicles
in vitro. We used an in vitro intact follicle culture system, which maintains hormonal
responsiveness and physiological functions of a follicle unit resembling the in vivo
condition. In addition, bioluminescence imaging technology provides dynamic,
noninvasive and real-time measures as opposed to static measures using cell and tissue
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lysates of follicles. We have established a time course, plasmid DNA: cationic lipid dose
response of luciferase gene expression, and the effect of D-luciferin amount as a first step
towards a working bioluminescent imaging system for intact antral follicles. The results
in this chapter indicated that the factors that influence the intensity of bioluminescent
emissions including the time courses of luciferase-luciferin reactions, and effective
plasmid DNA and D-luciferin doses and combinations are important considerations for
quantitative bioluminescence imaging. These factors are critical in the development of
various experimental models (e.g., in vitro cultured cell, tumor tissue or mouse models),
and should be determined for accurate data analysis in future studies.
This study is the first to demonstrate luciferase detection and quantification,
indicative of transcription, within an intact antral follicle culture in vitro. These
approaches can be used to determine a specific level of gene expression for relevant
responsive gene regulatory elements by replacing the constitutive promoter in a luciferase
reporter gene construct for specific transcription factors of interest; such as estrogen and
progesterone response elements, p53, etc. Moreover, a specific gene expression could be
inhibited with RNA interference technology to elucidate a role of the genes that are
involved in oocyte maturation and developmental competence of intact antral follicles. In
addition, this methodology may be used as a model for the delivery of luciferase reporters
carrying therapeutic genes that might encode growth hormones, steroid receptors, or antiapoptotic factors, into granulosa cells in antral follicles to support oocyte maturation and
quality. Moreover, this study may assist in determining the feasibility of applying these
methodologies in domestic animals in vivo in the future; e.g., within the intact, whole
ovary via follicular guided probe gene transfer.
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CHAPTER IV
PORCINE OVARIAN ANTRAL FOLLICLE NONVIRAL GENE TRANSFER BY
CATIONIC LIPID AND ELECTROPORATION

4.1

Abstract
The objective of this study was to determine the efficient nonviral gene transfer

method for porcine living intact follicles. For optimization of the lipid mediated gene
delivery, DNA lipid complexes were formed with various ratios of pGL4 (luciferase
reporter) plasmid DNA (µg): reagent (µl) (1:2, 1:2.5, 1:3, and 1:4 ratios) and injected into
intact antral follicles. For electroporation optimization, immediately following the 3 µg of
pGL4 in PBS (total volume of 15 µl) injection into each intact follicle, a series of four
100 ms pulses at field strengths ranging from 25 to 100 V/cm were administered at 1 sec
intervals using an ECM® 830 square wave electroporation system. We also directly
compared electroporation and lipid mediated nonviral gene transfer methods for
luciferase transgene expression and cell viability in living ovarian follicles. The
normalized luciferase activities (photon flux/ µg of total protein) in individual follicles
were determined using bioluminescence imaging. The effects of nonviral gene delivery
methods on steroid production were further characterized by measuring the contents of
estrogen and progesterone in follicular fluid via radioimmunoassay. For cationic lipid
mediated gene transfer method, the intact follicles transfected with 1:3 (3.18 x 106 ± 9.67
x 105) and 1:4 (5.03 x 106 ± 1.36 x 106) charge ratios of DNA (µg) to lipid (µl) had a
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greater (P < 0.05) transgene expression than the conditions of DNA only and 1:2 (3.74 x
105 ± 1.02 x 105) ratio of lipoplexes. We found that gene transfer via electroporation with
optimal condition (4 pulses of 100 V/cm and 100 ms; 3.19 x 107 ± 9.95 x 106) resulted in
15 times higher luciferase activity with increased granulosa cell viability over cationic
lipid mediated gene transfer method (DNA lipid ratio of 1:3; 2.17 x 106 ± 1.68 x 106).
Moreover, significant increased cell viability, increased follicular fluid progesterone
contents, oocytes with expanded cumulus cells were observed in intact follicles
transfected by electroporation at field strength at 100 V/cm.
4.2

Introduction
Gene transfer to intact ovarian follicles has a potential to study function and

regulation of gene expression in follicle and oocyte development and oocyte maturation.
And, it also can be applied to gene therapy approaches for the treatment for infertility in
humans, the development of novel contraceptives, and the improvement of reproductive
efficiency and production in domestic animals (Daftary, 2003; Reed and Li, 2009;
Velazquez and Kues, 2011). There are numerous ways to transfer genes into target cells,
including viral (e.g., adenovirus and retrovirus) and nonviral (e.g., cationic lipid or
polymer mediated, ultrasound, electroporation) systems (Gao et al., 2007). Compared
with viral system, nonviral gene delivery systems have been associated with lower gene
transfer efficiency. However, nonviral systems are popular choice for gene transfer to
mammalian cells and tissues because they are relatively easy to use and have lower
cytotoxicity than viral systems and minimal risks of mutagenesis or immunological
reactions. Moreover, these nonviral systems can transfer large size DNA construct to
target cells and tissues (Felgner et al., 1987; Gao and Huang, 1995; Gao et al., 2007).
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Cationic lipid mediated gene delivery is one of the most effective chemical
approaches among nonviral systems. Cationic lipids associate with negatively charged
phosphate DNA backbones via electrostatic interactions, resulting in compaction of lipidDNA complexes, also referred to as lipoplexes. The lipoplexes bind to the negatively
charged mammalian cell membrane, protect DNA against degradation, and facilitate the
DNA transfer into cells by process of slow endocytosis (Felgner et al., 1987; Gao and
Huang, 1995).This method has been used successfully for gene transfer in numerous
reproductive tissues and organs in vitro and in vivo (Bagot et al., 2000; Daftary and
Taylor, 2001; Esponda and Carballada, 2009; Laurema et al., 2003). On the other hand,
another class of nonviral systems, electroporation, uses a physical method for gene
transfer. Electroporation elicits a reversible permeabilization of cell membranes via
electric pulses, which allows plasmid DNA, RNA, proteins, drugs, or dyes to diffuse
inside of cells (André and Mir, 2004; Gehl, 2003; Luo and Saltzman, 2000).
Electroporation is easy to perform on small internal or external tissues with various types
of electrodes, such as plate, needle, caliper, and tweezer electrodes and achieves highly
efficient gene transfection (Gehl, 2003; Mir et al., 2005; Wells, 2004). For these reasons,
electroporation has been applied in gene transfection of small reproductive tissues and
organs, such as golden hamster testis in vivo (Hibbitt et al., 2006), the oviduct of laying
hens in vivo (Park and Muramatsu, 1999), seminiferous tubules of mouse in vivo
(Yamazaki et al., 2000; Yomogida et al., 2002), and endometrial and testicular tissue
fragments of human in vitro (Zizzi et al., 2010).
These two nonviral systems have been used to transfer genes with reporter
constructs that can report on the function and regulation of gene expression during
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follicle development and oocyte maturation. It has been recently reported that reporter
genes such as β-galactosidase and green fluorescence protein were transferred in antral
follicles via electroporation in mice in vivo (Sato et al., 2012). In addition, Shimizu et al.
(2007) showed vascular endothelial growth factor (VEGF) gene transfer using a cationic
lipid mediated gene transfer method into rat ovaries in vivo and determined an essential
role for VEGF in improving follicular development and oocyte maturation. Although,
these studies demonstrated a simple and effective gene transfer to antral follicles and
ovaries by electroporation and lipid mediated gene transfer methods, to date, there has
not been nonviral gene transfer studies performed in ovarian follicles in larger species,
such as pigs, cows, and humans. Moreover, no detailed study using different parameters
of nonviral system that may affect transgene expression, granulosa cell viability, and
steroid contents has been performed.
Successful gene transfer of intact porcine antral follicles in vitro, using cationic
lipid mediated gene transfer method, has been described in the chapter 3. We used a
model system for in vitro intact follicle culture to provide the microenvironment that
more closely mimics a native ovarian follicle environment in vivo. In addition, we
showed that transgene expression in living antral follicles can be monitored and
quantified noninvasively, and in real-time, using bioluminescence imaging. The present
study was performed to further optimize the lipid mediated gene transfer method. Various
ratios of DNA (µg):lipid reagent (µl) were compared. In addition, we performed studies
to assess the feasibility of gene transfer to intact antral follicles via electroporation and
the effects of varying electric voltages (V/cm) on transgene expression and cell viability.
Moreover, we directly compared electroporation and lipid mediated nonviral gene
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delivery systems for luciferase transgene expression and cell viability to determine the
most effective gene transfer method for living ovarian follicles. The influence of nonviral
gene delivery methods on steroid production was further characterized by measuring the
contents of estrogen and progesterone in follicular fluid of individual follicles.
4.3
4.3.1

Materials and methods
Collection of ovaries and follicle isolation
Only porcine ovaries at the late follicular phase of the estrous cycle were

collected from mature sows at a local slaughterhouse. The exact stage of the estrous cycle
in slaughterhouse sows was unknown, however the stage of follicular phase of the ovaries
was estimated based on the morphological descriptions (size of follicles and the absence
of corpus luteum; Hunter and Baker, 1975). Ovaries were kept on ice and transported to
the laboratory within 2 to 3 hours in a sterile container, containing sterile phosphate
buffered saline (PBS) with penicillin (100 U/ml), and streptomycin (100 µg/ml)
(Invitrogen, Carlsbad, CA). Large intact antral follicles between diameters of 6.5 to 7.5
mm were dissected as described by Moor et al. (1973). Only healthy follicles were
selected on the basis of morphological criteria as described previously by Guthrie et al.
(1995). The dissected follicles were trimmed from connective tissues and stromal cells
completely using scissors and forceps under a dissecting microscope as shown Figure 4.1
A.
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Figure 4.1

Illustration of gene transfer to porcine intact antral follicles in vitro by
electroporation.

A dissected intact porcine ovarian follicle (A), plasmid DNA injection (B), and
electroporation (C). Scale bar (A) = 0.5 cm
4.3.2

Gene transfer procedure into porcine antral follicles
The pGL4 [luc2/CMV/Hygro] vector (Promega, Madison, WI) expresses a firefly

luciferase reporter gene under control of a cytomegalovirus (CMV) promoter and
enhancer. pGL4 was propagated in One Shot® MAX Efficiency® DH5α™-T1R
Competent Cells (Invitrogen, Carlsbad, CA) and purified using EndoFree Plasmid Maxi
Kit (Qiagen, Valencia, CA). The plasmid DNA was eluted in distilled water to a final
concentration of 1-2 µg/µl.
For lipid mediated gene transfer, the lipid based reagent FuGENE® 6 (Roche,
Indianapolis, IN) was used. Transfection procedures were performed as described in
Chapter 3. To determine optimal lipid DNA ratios, lipoplexes were formed with various
ratios of pGL4 plasmid DNA (µg): reagent (µl) (1:2, 1:2.5, 1:3, and 1:4 ratios). The
pGL4 dilution was made in distilled water to reduce precipitation. After a 15 minute
incubation at room temperature, 15 µl of DNA lipid complexes were injected into intact
antral follicle using a FemtoJet® (Eppendorf, Hauppauge, NY) microinjector and
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Femtotips II (Eppendorf, Hauppauge, NY) injection capillaries. After the injection, the
follicles were cultured for 20 hours at 38.5°C and with 45% O2; 50% N2; 5% CO2.
For electroporation, 3 µg of pGL4 in PBS (total volume of 15 µl) was injected to
each intact follicle using a FemtoJet® (Eppendorf, Hauppauge, NY) microinjector and
Femtotips II (Eppendorf, Hauppauge, NY) injection capillary under a standard dissecting
microscope as shown in Figure 4.1B. Immediately following the pGL4 injection,
conductive electrode gel (World Precision Instrument, Sarasota, FL) coated platinum
Tweezertrodes™ size of 5 mm in diameter (BTX Harvard Apparatus, Holliston, MA)
were placed on either side of individual follicle. The conductive electrode gel was used to
secure proper contact with surface of follicles and to reduce damages of surface of
follicles. The electroporation was conducted in a petri dish as shown in Figure 4.1C. A
series of four 100 ms pulses at field strengths ranging from 25 to 100 V/cm were
administered at 1 sec intervals using an ECM® 830 square wave electroporation system
(BTX Harvard Apparatus, Holliston, MA). After electroporation, each follicle was rinsed
in ice cold PBS to remove residue of conductive electrode gel and cultured 20 hours at
38.5°C and with 45% O2; 50% N2; 5% CO2 in vitro.
4.3.3

In vitro intact follicle culture
Opti-MEM®-I reduced serum medium supplemented with 1% (v:v) of Insulin-

Transferrin-Selenium-X Supplement (100X), (Invitrogen, Carlsbad, CA) was used for the
intact follicle culture in vitro. The follicles were cultured individually on a membrane of
Netwell™ Polystyrene Cell Culture Inserts (Corning Costar®, Lowell, MA) in tissueculture treated 12-well culture plates (Fisher Scientific, Pittsburgh, PA). The follicles in
the plates were cultured at 38.5°C in a Modular Incubator Chamber (Billups-Rothenberg
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Inc., Del Mar, CA) containing 45% O2; 50% N2; 5% CO2 (Bryant-Greenwood et al.,
1980; Fouladi Nashta et al., 1998; Moor, 1977) for 20 hours.
4.3.4

Bioluminescence imaging
Bioluminescence imaging was conducted using the method described previously

in Chapter 3. After a 20 hour incubation, bioluminescent emissions from intact follicles
were detected using a Xenogen IVIS 100 Imaging system (Caliper Life Sciences,
Hopkinton, MA). Ten µl of XenoLight RediJect D-luciferin (30 µg/ µl in PBS; Caliper
Life Sciences, Hopkinton, MA) was injected to each follicle using the Eppendorf
FemtoJet® microinjector under a standard dissecting microscope. After injection, each
intact follicle was placed in a light-tight and temperature controlled chamber (39°C) and
waited for 3 min. Bioluminescent Images were acquired with 30 seconds.
Bioluminescence emitted from each unit was quantified using Living Image software,
version 3.0 (Caliper Life Sciences, Hopkinton, MA).
4.3.5

Follicular fluid and granulosa cell isolations and cell count and viability
Each individual follicle was transferred into a sterile 1.5 ml microcentrifuge tube

on ice and cut in half using scissors. The follicular fluid of each follicle was isolated by
centrifugation for 10 min at 3000×g and 4°C. The follicular fluid was removed and
placed into pre-weighed 1.5 ml microcentrifuge tubes. The follicular fluid volume of each
follicle was determined by reweighing the tubes; the density of follicular fluid assumed to
be 1 g/ml (Purvis, 1998). The follicular fluid of each follicle was stored at -80˚C for
radioimmunoassay. The remaining follicles were placed into 3 ml of phosphate buffered
saline (PBS) with penicillin (100 U/ml), and streptomycin (100 µg/ml) on a 35 mm petri
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dish and kept on ice. Granulosa cells were isolated by scraping the inside of the follicle
wall using a small pair of forceps. Cells of each follicle were filtered through sterile 40
µm nylon cell strainers (Fisher Scientific, Pittsburgh, PA) and centrifuged for 10 min at
1500×g and 4°C. The granulosa cells were washed twice in PBS. Granulosa cell number
and viability of individual follicles were determined by trypan blue exclusion test using
Countess® Automated Cell Counter (Invitrogen, Carlsbad, CA). Cells were centrifuged
again for 10 min at 1500×g and 4°C. The pellets were resuspended in 1 ml of Mammalian
PE LB™ buffer (G-Biosciences, St. Louis, MO) and stored at -80˚C for protein assay.
The luciferase expression in individual antral follicles was normalized to the amount of
protein present in the granulosa cell lysate. Total protein contents were determined using
Micro BCA™ Protein Assay Kit (Thermo Scientific, Rockford, IL).
4.3.6

Morphologic assessment of cumulus cell expansion
Cumulus-oocyte complexes (COCs) were isolated from each group: DNA only,

Lipid, 50 V electroporation, and 100 V electroporation groups. Image of each COC was
captured by Pro-micro scan digital camera (OPLENIC, China) under a dissecting
microscope. The degree of cumulus expansion of each COC was determined by
measuring the area (mm2) occupied by the cumulus cells using the Image J analysis
program (National Institute of Health).
4.3.7

Follicular fluid Radioimmunoassay (RIA)
17β-estradiol and progesterone were measured using Coat-a-Count® Estradiol and

Progesterone RIA kit (Siemens Medical Solutions Diagnostics, Los Angeles, CA)
according to the manufacturer’s instructions; and the procedure described in Bryant et al.
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(2009). The follicular fluid sample (total n = 86) from each follicle was diluted in
distilled water (1:1000 for the estradiol RIA and 1:50 or 1:100 dilution for progesterone
RIA). Trilevel Lyphochek® Immunoassay Plus Control (Bio-Rad Laboratories, Irvine,
CA) was used as high, medium, and low concentration controls at the beginning and end
of the assay for accurate measurements. The intra- and inter-assay coefficients of
variation for 17β-estradiol RIA were 10.84 % and 11.23 % respectively. The intra- and
inter-assay coefficients of variation for progesterone RIA were 4.11 % and 6.61 %
respectively.
4.3.8

Statistical analysis
Statistical analysis was performed using STATVIEW program (Abacus Concepts,

Inc., Berkeley, CA). Comparative analyses were completed using one-way ANOVA with
post hoc Fisher’s PLSD test. Data are expressed as mean ± SEM. A probability of P <
0.05 was considered to be statistically significant.
4.4
4.4.1

Results
Optimization of the lipid mediated gene delivery
This experiment was designed to determine the optimum ratios of DNA (µg) to

lipid (µl) for cationic lipid mediated gene transfer in intact antral follicles. A total of 70
intact follicles were cultured for 20 hours after intrafollicular injection of lipoplexes with
varying DNA:lipid ratios. The five different DNA:lipid ratio conditions consisted of the
following: 1) DNA only (3 µg of pGL4 to 0 µl of lipid ; n = 15); 2) 1:2 ratio (3 µg of
pGL4 to 6 µl of lipid; n = 14); 3) 1:2.5 ratio (3 µg of pGL4 to 7.5 µl of lipid; n = 14); 4)
1:3 ratio (3 µg of pGL4 to 9 µl of lipid; n = 14); and 5) 1:4 ratio (3 µg of pGL4 to 12 µl
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of lipid; n = 13). The luciferase gene expressions of intact follicles in these conditions
were compared using bioluminescence imaging. The luciferase expression (photon flux)
of each follicle was normalized by total protein contents (µg) present in the granulosa cell
lysate of individual follicles. The normalized luciferase activity (photon flux/ µg protein)
data were represented as mean ± SEM from six independent experiments as shown in
Figure 4.2 A.
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Figure 4.2

Optimization of cationic lipid mediated gene transfer in intact antral
follicles with varying ratios of DNA (µg) to lipid reagent (µl).

Luciferase activity (photon flux/µg) in follicles transfected with varying ratios of DNA
lipid complexes was assessed using bioluminescence imaging (A). The luciferase activity
was reported as mean ± SEM. Cell viability (%) of granulosa cells isolated from
individual follicles was assessed by trypan blue exclusion test (B). The experiments were
independently conducted six times. Values with different superscripts in a group are
significantly different (P < 0.05).
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The follicles transfected with 1:3 (3.18 x 106 ± 9.67 x 105) and 1:4 (5.03 x 106 ±
1.36 x 106) ratios had significantly (P < 0.05) higher luciferase activity than the
conditions of DNA only (2.51 x 103 ± 2.08 x 103) and 1:2 ratio of DNA lipid complexes
(3.74 x 105 ± 1.02 x 105). In addition, the luciferase activity of follicles in 1:2.5 condition
(2.35 x 106 ± 9.99 x 105) tended to be higher (P = 0.07) than those in 1:2 ratio condition
(3.74 x 105 ± 1.02 x 105) and significantly (P < 0.05) higher than those in DNA only
conditions (2.51 x 103 ± 2.08 x 103). The luciferase activity of the follicles transfected
with 1:2.5, 1:3, and 1:4 did not differ significantly (P > 0.05) from one another. The
follicles injected with 3 µg of pGL4 only had significantly lower luciferase activity (2.51
x 103 ± 2.08 x 103; P < 0.05) than any other conditions with DNA complexed with
cationic lipid while the follicles transfected with 1:2 ratio of DNA lipid complexes
resulted an intermediated luciferase activity.
In order to determine the effect of lipoplexes on cell viability, granulosa cells
were isolated from individual follicles from the DNA only, 1:2, 1:2.5, 1:3, and 1:4 ratio
conditions after bioluminescence imaging. The granulosa cell viability (%) was
determined by trypan blue exclusion test. As reported in Figure 4.2 B, no differences (P >
0.05) in granulosa cell viability were found among five different conditions of DNA only
(39% ± 3%), 1:2 (40% ± 3%), 1:2.5 (41% ± 3%), 1:3 (37% ± 4%), and 1:4 (41% ± 5%).
4.4.2

Optimization of electroporation
This experiment was performed to determine optimal electric field strength

(V/cm) of electroporation in intact antral follicles. The length of pulse and pulse numbers
were held constant at 100 ms and 4 ms, respectively. Large follicles (n = 47) between
diameters of 6.5 to 7.5 mm were transfected by electroporation. Three µg of plasmid
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DNA (pGL4) encoding firefly luciferase reporter gene driven by cytomegalo virus
(CMV) constitutive promoter was injected into each follicle. Electric pulses were applied
at varying voltage strength of 0 V/cm (n = 12), 25 V/cm (n = 12), 50 V/cm (n = 11), and
100 V/cm (n = 12) by Tweezertrodes™ size of 5 mm in diameter. After 20 hours of intact
follicle culture in vitro, luciferase activity (photon flux/µg protein) in transfected follicles
with varying voltage conditions was compared using bioluminescence imaging (Figure
4.3 A).
As shown in Figure 4.3 A, the highest level of luciferase activity (3.50 x 107 ±
9.31 x 106) was obtained from follicles with electroporation at 100 V/cm (P < 0.05).
Luciferase activity in follicles with electroporation at 0 V/cm (-4.26 x 103 ± 1.56 x 103),
25 V/cm (3.84 x 105 ± 2.97 x 105), and 50 V/cm (7.08 x 106 ± 3.31 x 106) did not
significantly differ (P > 0.05) one another. The optimal gene transfer condition by
electroporation is the condition that facilitated the highest transgene expression and
minimal cell toxicity. In order to determine toxicity of these varying electric field
strength conditions, granulosa cells were isolated from each follicle and the viability of
granulosa cells were determined by trypan blue exclusion test. The viability of granulosa
cells from the follicles electroporated at 100 V/cm (63% ± 3%) was significantly higher
(P < 0.05) than the follicles electroporated at 0 V/cm (48% ± 3%) and 25 V/cm (51% ±
4%). There was no significant difference (P > 0.05) in cell viability isolated from follicles
electroporation at 0 V/cm (48% ± 3%), 25 V/cm (51% ± 4%), and 50 V/cm (56% ± 5%).
In addition, the viability of granulosa cells between 100 V/cm and 50 V/cm conditions
did not differ significantly (P > 0.05).
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Figure 4.3

Optimization of electroporation with varying electric field strength (V/cm).
Luciferase activity (photon flux/µg protein) for varying field strength
(V/cm) of electroporation was assessed by bioluminescence imaging after
20 hours

(A). Cell viability (%) of granulosa cells isolated from follicles of varying voltage of
electroporation was assessed by trypan exclusion staining method (B). Data are reported
as mean ± SEM. The experiments were independently conducted six times. Bars with
different letters differ statistically (P < 0.05).
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4.4.3

Comparison of electroporation with lipid mediated gene transfer method
In this experiment, luciferase activity was directly compared in each follicle

transfected with lipid mediated and electroporation gene delivery methods. To compare
efficiency between these nonviral systems, luciferase activity of intact antral follicles in
four different conditions was assessed by bioluminescence imaging. Optimal DNA lipid
ratios of 1:3 and electroporation conditions at 50 V/cm and 100 V/cm, which were
determined in the previous experiments (Figure 4.2 and 4.3), were used in this
experiment. A total of 96 large follicles between diameters of 6.5 to 7.5 mm were
randomly distributed among four different gene delivery conditions, which were DNA
only (3 µg of pGL4; n = 24), Lipid 1:3 (1:3 ratios; 3 µg of pGL4 to 9 µl of lipid; n = 23),
Electro 50V (electroporation at 50 V/cm, 100 ms, and 4 pulses with 3 µg of pGL4; n =
24), and Electro 100V (electroporation at 100 V/cm, 100 ms, and 4 pulses with 3 µg of
pGL4; n = 25).
Figure 4.4 A shows the results of comparisons between lipid mediated and
electroporation gene delivery methods in intact antral follicles. Expression of luciferase
activity from the transfected follicles is indicated in normalized luciferase activity
(photon flux/µg protein). The luciferase activity of follicles in DNA only condition (-3.17
x 103 ± 6.87 x 102) was significantly lower (P < 0.05) than follicles that were in Electro
50V (2.36 x 106 ± 1.04 x 106) and Electro 100V (3.19 x 107 ± 9.95 x 106) conditions;
however, it did not significantly (P > 0.05) differ in follicles transfected in Lipid 1:3
condition (2.17 x 106 ± 1.68 x 106). The luciferase activity in the Electro 100V (3.19 x
107 ± 9.95 x 106) condition was significantly (P < 0.05) higher than in Lipid 1:3 (2.17 x
106 ± 1.68 x 106; P = 0.007) and Electro 50V (1.18 x 108 ± 3.43 x 107; P = 0.007)
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conditions. And, there was no significant difference (P > 0.05) between Lipid 1:3 and
Electro 50V gene transfer conditions (Figure 4.4 A).
And also, cell viability of granulosa cells was assessed by trypan blue exclusion
staining method. The granulosa cell viability of individual follicles in DNA only, Lipid
1:3, Electro 50V, and Electro 100V gene transfer conditions are shown in Figure 4.4 B.
The viability of granulosa cells from the follicles in Electro 100V (57% ± 3%) was
significantly higher (P < 0.05) than the follicles in any other conditions. There was no
significant difference (P > 0.05) among conditions for DNA only (46% ± 2%), Lipid 1:3
(42% ± 3%), and Electro 50V (46% ± 3%) groups.
We also examined cumulus expansion of cumulus oocyte complexes (COCs)
isolated from follicles in DNA only, Lipid 1:3, Electro 50V, and Electro 100V conditions
as shown in Figure 4.4 C. The cumulus cell expansion area (mm2) of COCs in Electro
100 V/cm (2.625 ± 0.294) was significantly (P < 0.01) greater than the COCs in DNA
only (0.367 ± 0.048), Lipid 1:3 (0.478 ± 0.095) and Electro 50V (1.235 ± 0.297)
conditions. The cumulus cell expansion area (mm2) of COCs in Electro 50V (1.235 ±
0.297) was significantly (P < 0.01) greater than the COCs in DNA only (0.367 ± 0.048),
Lipid 1:3 (0.478 ± 0.095). There was no significant difference (P > 0.05) between COCs
of DNA only (0.367 ± 0.048) and Lipid 1:3 (0.478 ± 0.095) gene transfer conditions. The
representative porcine COCs recovered from intact follicles in DNA only, Lipid 1:3,
Electro 50V, and Electro 100V conditions as shown in Figure 4.5.
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Figure 4.4

Comparison of electroporation with lipid mediated gene transfer methods.
Luciferase activity (photon flux/µg protein) for the four different nonviral
gene transfer conditions was determined after 20 hours intact follicle
culture in vitro using bioluminescence imaging
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Figure 4.4 (continued)
(A). Cell viability (%) of granulosa cells isolated from follicles of four gene transfer
conditions was assessed by trypan blue exclusion staining method (B). Cumulus cell
expansion (mm2) of cumulus oocyte complexes (COCs) recovered from follicles of DNA
only, Lipid 1:3, Electro 50V, and Electro 100V. The degree of cumulus expansion of
each COC was determined by measuring the area (mm2) occupied by the cumulus cells
using Image J program (C). Data were reported as mean ± SEM. The experiments were
independently conducted seven times. Bars with different letters differ statistically (P <
0.05).
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Figure 4.5

Microscopic observation of cumulus expansion in porcine cumulus oocyte
complexes (COCs) recovered from porcine intact antral follicles of the
same animal after 20 hours of gene transfer.

Porcine COCs recovered from intact follicles of (A) DNA only condition (3 µg of pGL4)
(B) Lipid 1:3 condition (1:3 ratios; 3 µg of pGL4 to 9 µl of lipid), (C) Electro 50V
condition (electroporation at 50 V/cm, 100msec, and 4 pulses with 3 µg of pGL4), and
(D) Electro 100V condition (electroporation at 100 V/cm, 100msec, and 4 pulses with 3
µg of pGL4). Scale bars = 0.5 mm
The effects of different gene transfer conditions (DNA only, Lipid 1:3, Electro
50V, and Electro 100V) on total content of measured steroids (mean ± SEM) in intact
antral follicles are shown in Table 4.1. We examined the concentrations and total content
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of estradiol and progesterone in individual follicles. The volume of follicular fluid
collected from DNA only, Lipid 1:3, Electro 50V, and Electro 100V gene transfer
conditions was not significantly (P > 0.05) different among one another. However, data
are corrected for follicular fluid volume (ml) and expressed as estradiol and progesterone
content (ng). As shown Table 4.1, follicular fluid content of progesterone was
significantly greater (P < 0.05) for Electro 100V (72.71 ± 10.89) than for DNA only
(15.06 ± 4.56), Lipid 1:3 (12.08 ± 4.53), and Electro 50V (24.12 ± 5.08) conditions (P <
0.05). There were no significant differences (P > 0.05) among different gene transfer
conditions in follicular fluid estradiol content as shown in Table 4.1.
4.5

Discussion
Cationic lipid mediated and electroporation gene delivery methods have been

used to transfer various genes of interest to mammalian tissues in vivo and in vitro.
Efficient gene transfer to intact ovarian follicles has potential for gene function and
regulation studies in oocyte development and maturation and for therapeutic applications
in treatment of human infertility in human and in improvement of reproductive efficiency
in domestic animals. In this study, we have investigated the optimal nonviral systems for
gene transfer to intact antral follicles in vitro. We began this study by optimizing charge
ratios of cationic lipid to DNA for efficient gene transfer to intact antral follicles in vitro
using a cationic lipid mediated gene delivery method. The charge ratio of cationic lipid to
DNA is one of the most important parameters of cationic lipid mediated gene transfer. By
varying the lipid DNA ratios for forming lipoplexes, the charge and size of the complex
can be varied, which can affect the transgene expression levels and cell viability. In
addition, the optimal DNA lipid ratios and toxicity are highly dependent on different cell
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and tissue types, the duration of exposure to lipoplexes, and the cell density (Faneca et
al., 2002; Felgner et al., 1987; Kiefer et al., 2004). For these reasons, it was necessary to
optimize DNA lipid ratio conditions for effective gene transfer in intact ovarian follicles.
Our results (shown in Figure 4.2 A) demonstrated that the intact follicles transfected with
1:2.5, 1:3, and 1:4 charge ratios of DNA (µg) to lipid (µl) had a greater transgene
expression than the conditions of DNA only and 1:2 ratio of lipoplexes. In addition, the
result of Figure 4.2 B showed that varying DNA lipid charge ratios did not affect cell
viability of granulosa cells isolated from the individual transfected follicles. Based on the
results of this experiment, experiments of gene transfer to intact follicles by cationic lipid
(Fugene® 6) were performed with either 1:2.5 or 1:3 DNA lipid ratios. The 1:4 DNA lipid
ratios condition yielded higher transgene expression and did not show any toxicity to the
granulosa cells. However, we chose not to use this condition because the use of this large
amount lipid reagent can be cost prohibitive. Moreover, there is a limit to the volume of
lipoplex that can be injected into each follicle unit. It was extremely difficult to inject
lipoplexes with 1:4 DNA lipid ratios into intact follicles.
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Estradiol
53.27 ± 11.26e
53.13 ± 15.47e
45.39 ± 7.17e
50.79 ± 8.15e

Progesterone
15.06 ± 4.56f
12.08 ± 4.53f
24.12 ± 5.08f
72.71 ± 10.89g

Steroid content (ng)

Porcine antral follicular fluid steroid concentrations and total contents (mean ± SEM).

Follicular
Steroids concentrations (ng/ml)
fluid volume
Groups
n
(ml)
Estradiol
Progesterone
a
b
DNA only
24
0.108 ± 0.009
429.96 ± 67.28
118.76 ± 29.40c
Lipid (1:3)
23
0.106 ± 0.012a
410.46 ± 90.91b
92.91 ± 28.39c
Electro (50V)
24
0.103 ± 0.008a
407.49 ± 52.27b
246.03 ± 58.11c
Electro (100V)
25
0.095 ± 0.008a
485.48 ± 49.01b
793.07 ± 114.54d
a-g
within columns, means with different superscripts differ significantly (P < 0.05).

Table 4.1
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Electroporation is a physical method and an efficient choice of gene transfer in
vivo and in vitro in animal tissues, with various types of electrodes for its therapeutic
potentials reviewed in Heller et al. (2005) and Mir et al. (2005). It has been shown that
electroporation yielded higher transgene expression compared with cationic lipid
mediated gene delivery methods in mouse solid tumors (Cemazar et al., 2002) and mouse
skin (Heller et al., 2008). However, it has been reported that there is a certain degree of
cell death and tissue damage from in vivo studies associated with electroporation
(Durieux et al., 2004; Mathiesen, 1999; Muramatsu et al., 1998; Pringle et al., 2007;
Somiari et al., 2000; Spugnini et al., 2011). Specifically, parts of tissues that are directly
in contact with electrodes can be readily damaged. These studies demonstrated that
optimal electroporation parameters, including electrical field strength, pulse duration and
number of pulses, vary depending on the types and sizes of tissues and distance between
the electrodes. Therefore, it is critical to optimize gene transfer conditions towards
minimal tissue damage for each tissue type.
In this study, we determined the effect of varying electric voltages of 0 V/cm, 25
V/cm, 50 V/cm, and 100 V/cm on transgene expression and granulosa cell viability in
intact ovarian follicles. The result of figure 4.3 A showed that optimal luciferase activity
was achieved at a field strength at 100 V/cm. Electroporation at field strengths higher
than 100 V/cm could result in greater transgene expression. We tested electric voltages of
150 V/cm and 200 V/cm (Data not shown). However, these conditions caused electric
arc. Therefore, the field strength above 100 V/cm was considered to be not suitable for
use with ovarian antral follicles.
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The results in Figure 4.3 B demonstrated that the cell viability of granulosa cells
isolated from follicles and applied a field strength of 100 V/cm were significantly greater
than those with 0 V/cm and 25 V/cm. Even though there was no significant difference in
cell viability between 50 V/cm (56% ± 5%) and 100 V/cm (63% ± 3%) conditions, the
numerical increase in cell viability was observed in 100 V/cm condition. In general,
studies demonstrated that stronger field strength (V/cm) produced cell and tissues
damage such the level of transgene expression needs to be sacrificed to balance cell
viability (Mathiesen, 1999; McMahon et al., 2001; Wells, 2004). We have not found any
studies that showed electroporation with higher field of strength leading to the
improvement of cell viability. Based on the results shown in Figure 4.3 A and B, the
optimal voltage was considered to be 100 V/cm under present experimental condition.
However, for further analysis of effects of electroporation and lipid mediated gene
delivery methods on cell viability and transgene expression, we also compared directly
between electroporation methods at 100 V/cm as well as at 50 V/cm and the lipid mediate
gene transfer method shown in Figure 4.4 A. The luciferase activity was significantly
greater in follicles transfected with 100 V/cm of electroporation than the follicles
transfected with cationic lipid mediated (1:3 of DNA lipid ratios) and 50 V/cm
electroporation. Electroporation at 100 V/cm gave 15 times higher transgene expression
rates than a lipid mediated gene transfer method with 1:3 DNA lipid ratios. In addition,
consistently, the greater cell viability was observed in the granulosa cells from the
follicles electroporated at 100 V/cm (Figure 4.3 B). It was speculated that the unknown
changes in the intact follicles caused by strong electric pulses (100 V/cm) might have led
to the improvement of cell viability. Therefore, in order to determine the characteristics
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of intact follicles responding to the gene delivery methods, steroid content of follicular
fluid of individual intact follicles were assessed. As reported in Table 4.1, the follicular
fluid progesterone content was significantly greater in follicles transfected with 100 V/cm
electroporation. However, no differences in contents of estradiol were observed among
gene delivery conditions of DNA only, lipid mediated gene transfer, electroporation at 50
V/cm, and electroporation at 100 V/cm. Follicular fluid only in the Electro 100V
condition showed progesterone dominance; yet, follicular fluid in other conditions (DNA
only, Lipid 1:3, Electro 50V) showed estrogen dominance. The results demonstrated that
field strength 100 V/cm electroporation altered steroid contents of follicular fluid from
estrogen dominant to progesterone dominant.
Progesterone is known as a hormone primarily produced by corpus luteum and
placenta. It plays a central role in preparation of uterine endometrium for implantation
and maintenance of pregnancy. In addition, progesterone is involved in ovulation and
luteinization of postovulatory follicles. Furthermore, it has been proven that progesterone
increases granulosa cell survival and decreased programed cell death, known as
apoptosis, acting as an intraovarian autocrine and paracrine factor in granulosa cells
during the periovulatory stage; reviewed in Peluso (2003). Friberg et al. (2009) reported
its function as a survival factor by action via nuclear progesterone receptors, and showed
that progesterone receptor antagonists (Org 31710 and RU 486) increased apoptosis as
measured by caspase 3/7 activity and decreased progesterone synthesis in rat
periovulatory granulosa cells in vitro. Similar studies were conducted and have
demonstrated the role of progesterone as a cell survival factor in human (Makrigiannakis
et al., 2000), bovine (Quirk et al., 2004), and mouse (Shao et al., 2003) periovulatory
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granulosa cells as well. Therefore, increased granulosa cell viability of follicles
electroporated at 100 V/cm (Figure 4.3B and 4.4B) was most likely the result of the
increased progesterone content in follicular fluid of intact follicles (Table 4.1).
We also examined the morphology of oocytes isolated from follicles transfected
by these nonviral systems. Interestingly, expanded cumulus cells were observed in
cumulus oocyte complexes (COCs) isolated from the follicles electroporated at 100V/cm
as shown in Figure 4.5. The cumulus cell expansion area (mm2) of COCs in
electroporated follicles was significantly greater than the COCs in follicles of DNA only
and transfected with lipid mediated gene delivery method (Figure 4.4 C). Oocyte
maturation occurs upon follicular stimulation of Luteinizing hormone (LH) by increased
amount of circulating LH, termed LH surge within the follicle in vivo (Agca et al., 2006).
As an oocyte matures in a follicle unit, cumulus cells around the oocyte secrete
hyaluronic acid and expand dramatically. This process is called cumulus cell expansion,
which is one of the important processes towards completion of maturation and
subsequently, ovulation. In addition, after the LH surge granulosa cells differentiate into
luteal cells, via the luteinization of the cells, which decrease aromatase activity and
increase ability of the cells to produce progesterone (Agca et al., 2006; Eppig, 2001).
Ainsworth et al. (1980) has reported that in prepubertal gilts, cumulus cell expansion and
resumption of meiotic maturation were observed in oocytes recovered after 24 hours of
hCG treatment (an LH-like hormone) along with increased concentrations of
progesterone in the follicular fluid towards ovulation. In present the study, oocytes with
expanded cumulus cells and increased follicular fluid progesterone contents were
observed only in electroporation conditions after only 20 hours of intact follicle culture
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without any gonadotropin or serum supplements in the culture medium. Therefore, it was
predicted that electroporation with strong electric pulses induced spontaneous oocyte
maturation and resulted in a similar action to that of the LH surge in ovarian follicles. To
our knowledge, no data are so far available regarding the effects of electric pulses of
electroporation on induction of spontaneous oocyte maturation in ovarian follicles.
Ovarian antral follicle in vivo electroporation of plasmid DNA delivery using reporter
genes have been demonstrated in mouse models in vivo (Sato et al., 2012). However,
these studies have not shown the effects of electric parameters of electroporation on
steroid contents of follicular fluid or cumulus cell expansion of oocytes.
In immature oocytes in follicles, cumulus and granulosa cells synthesize oocyte
maturation inhibitors, such as cyclic AMP transported into oocyte through gap junctions,
resulting in the suppression of oocyte maturation processes. After the LH surge, gap
junctions between oocyte and cumulus and granulosa cells are disrupted. This disruption
of gap junction leads to oocyte maturation by blocking the oocyte maturation inhibitory
signals from the cumulus cells to the oocyte (Isobe et al., 1998). Therefore, it is
speculated that strong electric pulses may disrupt gap junctions between oocyte, cumulus
and granulosa cells in intact follicles, leading to induction of follicle luteinization and
oocyte cumulus cell expansion in intact follicles. Whether electroporation induces
meiotic resumption of oocytes in intact follicles in vitro was not proven in this study. It
will be necessary to investigate whether the oocytes in the intact follicles transfected by
electroporation would complete a process of nuclear and cytoplasmic maturation,
subsequent fertilization, and embryo development in vitro.
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Follicular components in ovarian follicles, including theca, granulosa and
cumulus cells, basal lamina, and follicular fluid, play an important role in supporting
oocyte maturation and quality. It has been proven that steroids, growth hormones, and
additional follicular factors yet to be identified from the follicular components interact
with oocytes to provide essential nutrients and metabolic support for their development
and maturation; as reviewed in Hunter (1998) and Moor et al. (1996). Frequently, these
follicular components, such as follicular fluid, follicular shells, and granulosa cells are
supplemented within in vitro oocyte maturation culture for improvement of maturation
rates and further embryo development (Abeydeera et al., 1998; Agung et al., 2010; Heng
et al., 2004; Somfai et al., 2012). In addition, several studies developed methodologies
for three dimensional follicle-like structures to mimic an in vivo structure of the intact
follicle for gene therapy applications (Benzoni et al., 2005; Park et al., 2006; Vigo et al.,
2005). In this chapter, we used an in vitro intact follicle culture system, which provide the
microenvironment that more closely mimics an in vivo oocyte maturation environment
and showed efficient gene transfer into intact follicles. Electroporation gene transfer
method has a potential application in gene therapy to improve oocyte nuclear and
cytoplasmic maturation. For example, luciferase reporters carrying therapeutic genes,
such as growth factors, anti-oxidant, or anti-apoptotic factors, can be transferred to intact
antral follicles via electroporation to support oocyte maturation and quality. And then, the
oocytes can be matured intrafollicularly similar to the in vivo condition. Moreover, a
specific gene expression could be inhibited using RNAi techniques to determine a role of
the genes during intrafollicular oocyte maturation in vitro; an area of possible future
research.
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Ultimately, cationic lipid mediated gene transfer to intact follicles resulted lower
transgene expression compared the electroporation. However, this method may be more
suitable for gene transfer to investigate specific transcription factors or nuclear receptor
activities (estrogen or progesterone receptors) during the follicle and oocyte development
and during the different stages of estrous cycle in mature sows because with this gene
transfer method, the steroid characteristics of follicles were maintained, and it did not
affect cell viability of granulosa cells.
In summary, for cationic lipid mediated gene transfer method, 1:3 DNA lipid
ratios was the optimal condition for gene transfer to intact antral follicles. We found that
gene transfer via electroporation with optimal conditions (4 pulses of 100 V/cm and 100
ms) resulted in 15 times higher luciferase activity and increased granulosa cell viability
over the cationic lipid mediated gene transfer method. Furthermore, increased cell
viability, increased follicular fluid progesterone content, and oocytes with expanded
cumulus cells were observed in intact follicles transfected by electroporation at field
strength at 100 V/cm; another area in need of future research to capitalize or these
findings as they may relate to in vitro oocyte maturation and fertilization.
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CHAPTER V
QUANTITATIVE BIOLUMINESCENCE IMAGING OF FUNCTIONAL ESTROGEN
RECEPTOR ACTIVITY IN INTACT OVARIAN FOLLICLES OF THE MATURE
SOW

5.1

Abstract
The objective of this chapter was to determine functional and ligand-activated

estrogen receptor (ER) activities in cultured granulosa cells and in living intact ovarian
follicles at different stages of estrous cycle in the mature sow. First, to determine whether
functional (ERE-binding and transcriptionally active) ERs are present in cultured
granulosa cells in mature sows, an ERE reporter gene was transfected into primary
granulosa cells treated with E2 (as the agonist) or a combination of E2 and Fulvestrant (a
complete antagonist).The result of functional and ligand-activated estrogen receptor (ER)
activities in cultured granulosa cells showed that agonist E2 treatment (7.37 ± 1.64 p/s) in
granulosa cells from early follicular phase significantly increased ERE luciferase activity
by 3.6-fold (P < 0.01) over control (vehicle; 2.05 ± 0.009 p/s); the addition of 10-6M Ful
antagonist (2.52 ±0.24 p/s) in the early follicular phase granulosa cells reduced luciferase
activity significantly (P < 0.05). There was no significant difference (P > 0.05) in ERE
luciferase activity between the combination of E2 and Ful (2.52 ±0.24 p/s) and vehicle
control (2.05 ± 0.009 p/s) treatment groups. However, the agonist E2 (2.64 ± 0.23 p/s)
treatment in granulosa cells of late follicular phase caused slight or no significant (P >
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0.05) luciferase activity induction over control (2.05 ± 0.009 p/s) and the addition of
antagonist (2.38 ± 0.27 p/s) had little or no effect. Second, an ERE reporter gene was
transfected into intact antral follicles to determine intrafollicular estrogen-induced ER
binding activities and expression at late follicular, early follicular, and late luteal phases
of the estrous cycle. Then, the functional ER activity in living follicles was quantified by
real-time bioluminescence imaging and normalized by the amount of β-galactosidase
(milliunits) in granulosa cell lysate. The normalized ERE luciferase activity was reported
as mean ± SEM of photon flux/milliunits of β-galactosidase. The functional ERE
luciferase activity in intact follicles was increased from late luteal phase (3.02 x 106 ±
1.22 x 105, n = 15) to early follicular phase (1.17 x 106 ± 5.78 x 105, n = 19) and then
significantly (P < 0.05) decreased at late follicular phase (9.70 x 104 ± 2.17 x 104, n =
18). The findings with the ERE reporter gene transfer method and quantitative
bioluminescence imaging demonstrate the feasibility of a new methodology for
measuring functional and ligand-activated ER activity within living intact follicles. Using
this methodology, we have determined that the functional ERs were differentially
activated during the different stages of estrous cycle in the mature sow.
5.2

Introduction
Estrogens are essential for growth, differentiation, and functioning of a variety of

target tissues in animals and, more importantly, for ovarian follicular development and
maturation (Britt et al., 2001; Britt et al., 2004). Estrogens are mostly synthesized in the
theca and granulosa cells of ovarian follicles and regulate transcription of the target genes
through estrogen receptors (ERs), ERα and ERβ, which bind specific DNA sequences
called estrogen response elements (ERE); cis-acting enhancers, located within the
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regulatory regions of target genes. This functional (ERE-binding and transcriptionally
active) ER activity regulates transcription of the genes, either positively or negatively
(Gruber et al., 2002; McDonnell and Norris, 2002)
Functional ERs and their activities are commonly measured using ERE reporter
genes, which contain ERE sequences upstream of a promoter that drives the expression of
reporter proteins such as firefly luciferase and green fluorescence protein (Groskreutz and
Schenborn, 1997; Kipp and Mayo, 2009). ERE reporter genes have been transfected into
in vitro granulosa cells in the rat (O'Brien et al., 1999; Sharma et al., 1999), mouse (Kipp
and Mayo, 2009), and human (Hurst et al., 1995) to determine endogenous functional ER
activities. Moreover, transgenic animal models that express an ERE reporter gene has
been developed in mice (Ciana et al., 2003; Toda et al., 2004) and zebrafish (Gorelick
and Halpern, 2011; Legler et al., 2000) and demonstrated functional ER activities under
physiologic conditions or pharmacologic and therapeutic treatments in vivo.
The previous chapters have presented a new methodology to transfer a firefly
luciferase reporter gene driven by a constitutive promoter into an intact follicle culture
system via nonviral gene delivery methods. Bioluminescence imaging was then
employed for sensitive real-time quantification for transgene expression in living intact
follicles in vitro. This methodology was applied in experiments of this chapter in order to
determine the functional ER dynamics in response to intrafollicular estrogens in living
intact follicles during the estrous cycle in the mature sow. First, we performed
transfection studies using an ERE reporter gene to validate the presence of biologically
active ERs in cultured granulosa cells in vitro using a standard luciferase assay. Then, an
ERE reporter gene was transfected into living intact antral follicles whereby
97

intrafollicular estrogen-induced ER binding activities and expression was determined
quantitatively and dynamically using real-time bioluminescence imaging.
5.3
5.3.1

Materials and Methods
Ovary collection and antral follicle dissection
Porcine ovaries from mature sows were collected at a local slaughterhouse and

transported to the laboratory in sterile phosphate buffered saline (PBS) with penicillin
(100 U/ml), and streptomycin (100 µg/ml) (Invitrogen, Carlsbad, CA) on ice. The exact
stage of the estrous cycle in slaughterhouse pigs was unknown; however, the stage of the
ovaries was estimated based on ovarian morphological descriptions and figures in Senger
(2005) and Carrasco et al. (2008). Intact antral follicles were dissected under a dissecting
microscope using fine sterile forceps and scissors. During the entire dissection process,
ovaries and follicles were placed in HBSS (Ca2+/ Mg2+ free Hank’s Balanced Salt
supplemented with 0.25 mM of HEPES) medium (Invitrogen, Carlsbad, CA) and kept on
ice. The diameter of each follicle was determine at two locations and expressed as the
mean.
5.3.2

Plasmid DNA
Plasmid DNA was transformed and replicated by One Shot® MAX Efficiency®

DH5α™-T1R Competent Cells (Invitrogen, Carlsbad, CA). Plasmid DNA was isolated
and purified by EndoFree Plasmid Maxi Kit (Qiagen, Valencia, CA) and eluted in
distilled water to a final concentration of 1.5-2 µg/µl DNA. A 5xERE-min-luc reporter
plasmid was created using pGL4.24 vector (Promega, Madison, WI). This vector plasmid
was digested with HindIII, and 5 tandem repeats of a 33-base pair vitellogenin ERE (5’98

AATTCAAAGTCAGGTCAC AGTGACCTGATCAAA; HindIII digested) were inserted
(McDonnell and Goldman, 1994) upstream of a minimal TATA promoter. The ER-luc
reporter plasmid (Panomics, Fremont, CA) encodes ERE DNA sequence of vitellogenin
gene B1, which consisted of three tandem repeats of a 13 bp perfect palindromic element
5’-GGTCACTGTGACC-3’(Martinez et al., 1987) with a minimal TATA box from the
herpes simplex virus thymidine kinase promoter. The Ran-luc plasmid (pGL4.74
[hRluc/TK] vector; Promega, Madison, WI) encodes the luciferase reporter gene hRluc
(Renilla reniformix) driven by HSV-TK (Herpes Simplex virus thymidine kinase)
promoter. This plasmid was used to normalize the expression of the 5xERE-min-luc. SVβgal (Promega, Madison, WI) encodes β-galactosidase reporter gene driven by SV40
early promoter and enhancer and was used as an internal control vector for normalizing
variability in ERE reporter gene activity in antral follicles. Full details and plasmid vector
maps are provide in the Appendix B.
5.3.3

In vitro granulosa cell culture
Porcine ovaries were incubated in a 39°C water bath for 1 hour prior to the

granulosa cell aspiration using a syringe with a needle (20G). Cells were isolated from 4
to 6 mm antral follicles. The follicles were collected from ovaries of late and early
follicular phase in three mature sows in each experiment. Cells were then filtered through
sterile 40 µm nylon cell strainers (Fisher Scientific, Pittsburgh, PA) and washed twice
with HBSS (Ca2+/ Mg2+ free Hank’s Balanced Salt supplemented with 0.25 mM of
HEPES) medium. Cells were centrifuged for 10 min at 1500×g and 4°C. Granulosa cell
number and viability of individual follicles were determined by trypan blue exclusion test
using Countess® Automated Cell Counter (Invitrogen, Carlsbad, CA). 2.5 x 105 live cells
99

were plated in a 24-well collagen I coated plate (Millipore, Billerica, MA) with 300 µl of
phenol red free Opti-MEM®-I reduced serum medium supplemented with 1% (v:v) of
Insulin-Transferrin-Selenium-X Supplement (100X) and 0.5% charcoal stripped fetal
bovine serum (Invitrogen, Carlsbad, CA).
5.3.4

Transient transfection of granulosa cells
Immediately after plating cells, cells are transiently transfected using

Metafectene®pro (Biontex-USA, San Diego, CA) lipid reagent, following manufacturer’s
instructions. Briefly, preparations were as follows; (1) DNA lipid complexes were
prepared with plasmid DNA (µg) to Metafectene®pro reagent (µl) ratio of 1:3 in serum
and antibiotic free Opti-MEM®-I medium; (2) 0.25 µg of 5xERE-min-luc and 0.0625 µg
of Ran-luc were diluted in 50 µl of Opti-MEM®-I medium; and, (3) 0.94 µl of
Metafectene®pro reagent was diluted in 50 µl of Opti-MEM®-I medium. DNA lipid
complexes were formed by combining diluted DNA with the diluted Metafectene®pro in
cell culture-grade 96 well plates. After 15 min incubation in room temperature, the DNA
lipid complexes were added to the granulosa cells. Cells were then cultured for 18 hours
in a humidified atmosphere of 95% air and 5% CO2 at 37°C.
5.3.5

Granulosa cell reporter gene assay
After 18 hours, transfected granulosa cells were treated with combinations of

estradiol (E2; Sigma-Aldrich, St. Louis, MO), the complete anti-estrogen (antagonist)
fulvestrant (FUL), also called ICI 182,780 (Sigma-Aldrich, St. Louis, MO), or a vehicle
control. E2 and FUL were both dissolved in ethanol and diluted in phenol red free OptiMEM®-I medium (Invitrogen, Carlsbad, CA) to obtain the indicated concentration (10-10
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to 10-6M for E2; 10-6M for FUL) prior to additions to cells. Ethanol diluted phenol red
free Opti-MEM®-I medium used as the vehicle control. After 6 hours E2 and FUL
treatment, cells were assayed for firefly and Renilla luciferase reporter gene activities
using the Dual-Glo Luciferase® Reporter assay system (Promega, Madison, WI),
following manufacturer’s instructions. Firefly and Renilla luciferase activities were
measured using Xenogen IVIS 100 Imaging system (Caliper Life Sciences, Hopkinton,
MA). Luminescence emission was quantified using Living Image software, version 3.0
(Caliper Life Sciences, Hopkinton, MA). Firefly/Renilla luciferase ratio was calculated
by dividing the luminescence from the firefly reporter gene by the Renilla luminescence.
5.3.6

Gene transfer to intact antral follicles
Cationic lipid reagent FuGENE® 6 (Roche, Indianapolis, IN) was used. DNA

lipid complexes were formed with plasmid DNA (µg) to FuGENE® 6 (µl) ratio of 1:2.5.
The 2.5 µg of ER-luc (Panomics, Fremont, CA) and 1 µg of SV-βgal (Promega, Madison
WI) were used. After 15 min incubation at room temperature, 15 µl of DNA lipid
complexes was injected into each antral follicle, using a FemtoJet® (Eppendorf,
Hauppauge, NY) microinjector and Femtotips II (Eppendorf, Hauppauge, NY) injection
capillary under a standard dissecting microscope.
5.3.7

In vitro intact follicle culture
Phenol red free Opti-MEM®-I reduced serum medium supplemented with 1%

(v:v) of Insulin-Transferrin-Selenium-X Supplement (100X) (Invitrogen, Carlsbad, CA)
was used for intact follicle culture in vitro. Estrogen and serum-free culture conditions
were used to minimize any interference from estrogens or unknown compounds. The
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follicles were cultured individually on a membrane of Netwell™ Polystyrene Cell
Culture Inserts (Corning Costar®, Lowell, MA) in tissue-culture treated 12-well culture
plates (Fisher Scientific, Pittsburgh, PA). The follicles in the plates were cultured at
38.5°C in a Modular Incubator Chamber (Billups-Rothenberg Inc., Del Mar, CA)
containing 45% O2; 50% N2; 5% CO2 (Bryant-Greenwood et al., 1980; Fouladi Nashta et
al., 1998; Moor, 1977) for 20 hours.
5.3.8

Bioluminescence imaging
Bioluminescence imaging analysis was performed based on the method described

previously in Chapter 3. Briefly, after 20 hours of transfection, bioluminescence was
detected using a Xenogen IVIS 100 Imaging system (Caliper Life Sciences, Hopkinton,
MA). Ten µl of XenoLight RediJect D-luciferin (30 µg/ µl in PBS; Caliper Life Sciences,
Hopkinton, MA) was injected to each follicle using the FemtoJet® microinjector. After
injection, each intact follicle was placed in a light-tight and temperature controlled
chamber (39°C) and incubated for 3 minutes. Bioluminescent Images were acquired for
10 minutes. Luminescence from each follicle was quantified using Living Image
software, version 3.0 (Caliper Life Sciences, Hopkinton, MA).
5.3.9

Follicular fluid and granulosa cell isolations and cell count and viability
After bioluminescence imaging, follicular fluid and granulosa cells of individual

follicles were isolated, using procedures described previously in Chapter 4. Follicular
fluid was stored at -80˚C for radioimmunoassay. Granulosa cells were divided into two
tubes. One half of granulosa cells were resuspended in 500 µl of M-PER Mammalian
Protein Extraction Reagent (Thermo Scientific, Rockford, IL) and stored at -80˚C for β102

galactosidase assay. The other half of granulosa cells of each follicle were resuspended in
500 µl of RNAlater RNA Stabilization Reagent (Qiagen, Valencia, CA) and stored -80˚C
for RNA analysis. The luciferase expression in individual antral follicles was normalized
by the amount of β-galactosidase in granulosa cell lysate. The β-galactosidase content
(milliunits) was determined using Mammalian β-Galactosidase Assay Kit (Thermo
Scientific, Rockford, IL).
5.3.10 Follicular fluid Radioimmunoassay (RIA)
17β-estradiol, progesterone, and total testosterone were measured using Coat-aCount® Estradiol, Progesterone, and Testosterone RIA kits (Siemens Medical Solutions
Diagnostics, Los Angeles, CA) according to the manufacturer’s instructions and the
procedure described in Bryant et al. (2009). Follicular fluid samples of individual
follicles were diluted in distilled water (1:1000 for the estradiol RIA, 1:50 for
progesterone RIA, and 1:50 or 1:200 for total testosterone). Trilevel Lyphochek®
Immunoassay Plus Control (Bio-Rad Laboratories, Irvine, CA) was used as high,
medium, and low concentration controls at the beginning and end of the assay to estimate
the accuracy of the method. All standards and unknown samples were in duplicate. Intraassay coefficients of variation for estradiol were 8.56%. The intra- and inter-assay
coefficients of variation for progesterone were 4.57% and 5.67%, respectively. For
testosterone RIA, intra- and inter-assay coefficients of variation were 7.72% and 8.84%,
respectively.
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5.3.11 Statistical analysis
Statistical analysis was performed using STATVIEW program (Abacus Concepts,
Inc., Berkeley, CA). Comparative analyses were completed using one-way ANOVA with
post hoc Fisher’s PLSD test. Data are expressed as mean ± SEM. A probability of P <
0.05 was considered to be statistically significant.
5.4
5.4.1

Results
Functional ER activity in cultured granulosa cells in vitro
To determine whether functional (ERE-binding and transcriptionally active) ERs

are present in granulosa cells in mature sows, an ERE reporter gene was transfected into
primary granulosa cells treated with E2 (as the agonist) or a combination of E2 and
Fulvestrant (a complete antagonist). Granulosa cells in the early follicular phase of
estrous cycle are transiently transfected with either ERE firefly luciferase reporter
(5xERE-min-luc) or negative control (min-luc; firefly luciferase reporter without ERE
sequences) in combination with a Renilla luciferase reporter (Ran-luc) to normalize for
transfection. After 18 hours, transfected cells were treated with 10-10 M, 10-9 M, 10-8 M,
10-7 M, and 10-6 M of 17β-estradiol (E2) or 0 M of E2 (vehicle control; diluted ethanol)
for 6 h. Firefly and Renilla luciferase activity was measured using the Dual-Glo
Luciferase® reporter. The ERE luciferase activity was normalized by dividing the
luminescence from the firefly reporter gene by the Renilla luminescence. The normalized
ERE luciferase activity data were represented as mean ± SEM (Figure 5.1 A).
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Figure 5.1

Functional ERE luciferase activity (firefly/Renilla luciferase) in response to
increasing concentration of 17β-estradiol (E2) treatment on porcine
granulosa cells in early follicular phase

(A). The ERE luciferase activity were expressed means ± SEM of three independent
experiments conducted in triplicate (n = 9). Values with different superscripts in a group
are significantly different (P < 0.05). Luminescent imaging of ERE luciferase activity
(firefly/Renilla luciferase) in a 24-well plate format (B). The image of firefly luciferase
(ERE-min-luc) was taken with binning 4. The scale bar on the right indicates the photon
flux of firefly luciferase (ERE-min-luc) with red and blue representing highest and lowest
values, respectively.
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Agonist E2 treatment at 10-9M (7.78 ± 1.41 p/s), 10-8M (9.91 ± 2.09 p/s), 10-7M
(7.44 ± 1.47 p/s), and 10-6M (6.81 ± 1.13 p/s), significantly increased ERE luciferase
activity by 4.3-, 5.4-, 4.1-,and 3.7-fold (P < 0.01) over vehicle control (0 M E2; 1.82 ±
0.03 p/s) and negative controls (0 M; 1.65 ± 0.05 p/s and 10-8M E2; 1.75 ± 0.06 p/s),
respectively (Figure 5.1 A). The ERE luciferase activities did not significantly differ (P >
0.05) among agonist E2 treatment groups of 10-9 M, 10-8 M, 10-7 M, and 10-6 M. E2
treatment at 10-10 M (2.75 ± 037 p/s), caused a numerical increase in luciferase activity
(1.5-fold) over vehicle control (1.82 ± 0.03 p/s); however it was not statistically
significant (P > 0.05). 10-8 M of E2 treatment of negative control (min-luc; firefly
luciferase reporter lacking ERE sequences) did not stimulate an increase (P > 0.05) in
luciferase expression level. The luciferase maximum induction of the ER activities was
achieved with 10-8M E2 (Figure 5.1 A).
To determine a stage-specific functional ER activity in cultured granulosa cells,
we compared the ERE luciferase activity of granulosa cells in between early and late
follicular phases with agonist (E2) and antagonist (Ful) treatments. Granulosa cells
obtained early and late follicular phases were transiently transfected with both ERE
firefly luciferase reporter (5xERE-min-luc) and a Renilla luciferase reporter (Ran-luc) for
normalization of transfection. After 18 hours, transfected cells of early and late follicular
phase were treated with 10-8 M E2, combinations of 10-8M E2 and 10-6M Ful, or diluted
ethanol (vehicle control) for 6 hours. Firefly and Renilla luciferase activity was
measured using the Dual-Glo Luciferase® reporter. The ERE luciferase activity shown in
Figure 5.2 A was calculated by dividing the luminescence from the firefly reporter gene
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by the Renilla luminescence. The values of ERE luciferase activity were expressed means
± SEM.

Figure 5.2

Functional ERE luciferase activities (firefly/Renilla luciferase ratio) in
response to 10-8M 17β-estradiol (E2; agonist) and 10-6M Fulvestrant (FUL;
a complete antagonist) in granulosa cells obtained in the early and late
follicular phase

(A). The values of firefly/Renilla luciferase ratio are means ± SEM of three independent experiments conducted in
duplicates (n = 6). Values with different superscripts in a group are significantly different (P < 0.05). Luminescent
imaging of ERE luciferase activity (firefly/Renilla luciferase ratio) in a 24-well plate format (B). The images of firefly
luciferase (ERE-min-luc) and Renilla luciferase (Ran-luc) were taken with binning 4 and 20, respectively. The scale bar
on the right indicates the photon flux of firefly luciferase (ERE-min-luc) with red and blue representing highest and
lowest values, respectively. The scale bar on the left indicates the photon flux of Renilla luciferase (Ran-luc).
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The result of Figure of 5.2 A showed that agonist E2 treatment at 10-8M (7.37 ±
1.64 p/s) in granulosa cells from early follicular phase exhibited a significant increase in
ERE luciferase activity by 3.6-fold (P < 0.01) over the control (vehicle; 2.05 ± 0.009 p/s);
the addition of 10-6M Ful (2.52 ±0.24 p/s) in the early follicular phase granulosa cells
reduced luciferase activity significantly (P < 0.05). There was no significant difference (P
> 0.05) in ERE luciferase activity between the combination of E2 and Ful (2.52 ±0.24 p/s)
and vehicle control (2.05 ± 0.009 p/s) treatment groups. The agonist 10-8 M E2 (2.64 ±
0.23 p/s) treatment in granulosa cells of late follicular phase caused slight or no
significant (P > 0.05) luciferase activity induction over control (2.05 ± 0.009 p/s), and
addition of Ful (2.38 ± 0.27 p/s) had little or no effect (Figure 5.2).
5.4.2

Functional ER activity in intact ovarian follicles in vitro
The aim of this experiment was to determine intrafollicular estrogen-induced ER

activity in intact ovarian follicles at the different stages of the estrous cycle in mature
sows. The functional ER activity was measured by bioluminescence imaging. Intact
antral follicles were isolated and assigned to the late follicular, early follicular, and late
luteal phases of the estrous cycle; based on the morphological classification of ovaries
summarized in Table 5.1. If the morphology of ovaries was not clearly matching the
classification, the follicles of those ovaries were removed from data analysis. In addition,
follicles in late luteal phase were not used in this study due to absence of antral follicles
or their small size. Representative ovaries in the late follicular, early follicular, and late
luteal phases are shown in Figure 5.3.
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Table 5.1

Classification of antral follicles based on the morphology of ovaries in
mature sows

Stage of estrous cycle

Ovary morphology
Preovulatory follicles close to ovulate with CA from
Late follicular (Estrus)
previous cycle
Growing follicles with CL (pale pink color) under
Early follicular (Proestrus) regression without surface vascularization or CA
from previous cycle
Growing follicles with developed CL (dark red or
Late luteal (Diestrus)
purplish color) with some surface vascularization or
CA from previous cycle
Ovaries in mature sows were collected in slaughterhouse and assigned to late follicular
(estrus), early follicular (proestrus), and late luteal (diestrus) phases of the estrous cycle
by morphology of corpora lutea (CL) and corpora albicantia (CA). The morphological
classification is based on Senger (2003) and Carrasco et al. (2008).

Figure 5.3

Mature sow ovaries at the different stages in estrous cycle.

A pair of ovaries obtained in late follicular phase (estrus phase) of a mature sow (A), a
pair of ovaries obtained in early follicular phase (proestrus phase) of a mature sow (B),
and ovaries obtained from a mature sow in late luteal phase (diestrus phase) (C). Scale
bar = 1.0 cm
A number of animals and intact follicles used in this experiment are shown in
Table 5.2. For the late follicular phase, ovaries were collected from n = 8 animals. Two to
three intact follicles were dissected from each pair of ovaries. A total number of n = 18
intact follicles in late follicular phase were isolated. Ovaries in early follicular phase were
collected from n = 10 animals. As each pair of ovary yielded one or two intact follicles, a
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total of n = 19 intact follicles were used in the early follicular phase group. For the late
luteal phase, n = 15 intact follicles were isolated from n = 8 different animals (Table 5.2).
The diameter (mm) of each follicle was measured with a caliper in two
dimensions and expressed as the mean ± SEM. The mean diameter of intact follicles was
significantly greater (P < 0.0001) in late follicular phase group (7.44 ± 0.17) than the
early follicular phase (6.01 ± 0.15) and late luteal phase (5.90 ± 0.19) groups. However,
there was no significant (P > 0.05) difference in diameter of intact follicles between early
follicular (6.01 ± 0.15) and late luteal (5.90 ± 0.19) phases. The volume (ml) of follicular
fluid isolated from individual intact follicles in the late follicular phase (0.124 ± 0.007)
was significantly greater (P < 0.05) than that in both early follicular (0.057 ± 0.006) and
late luteal (0.062 ± 0.008) phases; however, there were no significant differences in
follicular fluid volume between early follicular (0.057 ± 0.006) and late luteal (0.067 ±
0.007) phases (Table 5.2).
An ERE reporter gene was transfected into intact antral follicles whereby
endogenous estrogen induced ER binding activity in intact follicles, and expression was
determined quantitatively and dynamically using real-time bioluminescence imaging. To
determine endogenous estrogen induced ER activity during estrous cycle of mature sow,
intact follicles were transfected with an ERE firefly luciferase reporter (ER-luc) and a βgalactosidase reporter (SV-βgal) for normalization of transfection via cationic lipid
mediated gene transfer method. The level of intrafollicular estrogen-induced ER activity
in living intact follicles was measured by bioluminescence imaging and expressed by
ERE luciferase activity. The ERE luciferase activity of each follicle was normalized by
the amount of β-galactosidase (milliunits) in granulosa cell lysates. The normalized
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luciferase activity was reported as mean ± SEM of photon flux/milliunits of βgalactosidase (Figure 5.4).
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Porcine intact ovarian follicles, size, and follicular fluid volume.

No. of
No of
Stage of estrous cycle
Mature sows Antral follicles Size (mm)
Late follicular (Estrus)
8
18
7.44 ± 0.17a
Early follicular (Proestrus)
10
19
6.01 ± 0.15b
Late luteal (Diestrus)
8
15
5.90 ± 0.19b
a-d
within columns, means with different superscripts differ significantly (P < 0.05).

Table 5.2
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Follicular fluid
volume (ml)
0.124 ± 0.007c
0.057 ± 0.006d
0.067 ± 0.007d

The intact follicles obtained in the early follicular phase (1.17 x 106 ± 5.78 x 105,
n = 19) had significantly (P < 0.05) greater ERE luciferase activity than those in late
follicular phase (9.70 x 104 ± 2.17 x 104, n = 18). The ERE luciferase activity of the intact
follicles in both late follicular (9.70 x 104 ± 2.17 x 104, n = 18) and late luteal (3.02 x 106
± 1.22 x 105, n = 15) phases did not differ significantly (P > 0.05) from each other
(Figure 5.4).
5.4.3

Follicular fluid steroid analysis
After quantitative bioluminescence imaging, intact follicles assigned to late

follicular, early follicular, and late luteal phases of estrous cycle were further
characterized by measuring concentrations (ng/ml) and contents (ng) of estradiol-17β
(E2), progesterone (P4), and testosterone (TEST) in follicular fluid of individual follicles.
Total content (ng) of steroid was corrected for follicular fluid volume (ml). As shown
Table 5.3, the concentration of E2 (514.66 ± 86.74 ng/ml, n = 18) in the follicular fluid of
the late follicular phase was significantly greater (P < 0.05) than the concentration of E2
(249.57 ± 27.84 ng/ml, n = 15) in follicular fluid of the late luteal phase. In addition, the
follicular fluid concentration of E2 (514.66 ± 86.74 ng/ml, n = 18) in late follicular phase
tended to be greater (P = 0.097) than the follicular fluid concentration of E2 (396.39 ±
71.85 ng/ml, n = 19) in early follicular phase. The content of E2 in follicular fluid of late
follicular phase (62.09 ± 11.08 ng, n = 18) was significantly (P < 0.05) greater than the
content of E2 in follicular fluid of both early follicular (20.68 ± 2.90 ng, n = 19) and late
luteal (16.48 ± 3.11 ng, n = 15) phases. There was no significant difference (P > 0.05) in
follicular fluid E2 content between early follicular (20.68 ± 2.90 ng, n = 19) and late
luteal (16.48 ± 3.11 ng, n = 15) phases (Table 5.3).
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Figure 5.4

ERE luciferase activities in intact ovarian follicles during the late follicular,
early follicular, and late luteal phases.

DNA lipid complexes were formed with plasmid DNA (µg) to FuGENE® 6 (µl) ratio of
1:2.5. The 2.5 µg of ER-luc and 1 µg of SV-βgal were used. DNA lipid complexes were
injected into each antral follicle. Intact follicles between diameters of 6.5 to 7.5 mm were
cultured for 20 hours after intrafollicular injection of lipoplexes with plasmid DNA (µg)
to FuGENE® 6 (µl) ratio of 1:2.5. The 2.5 µg of ER-luc and 1 µg of SV-βgal were used.
Luciferase activity (photon flux/µg) of individual follicles was assessed using
bioluminescence imaging. The normalized luciferase activity was reported as mean ±
SEM of photon flux/milliunits of β-galactosidase. The experiments were independently
conducted eight times. Values with different superscripts in a group are significantly
different (P < 0.05).
The follicular fluid P4 concentration in early follicular phase (388.33 ± 106.92
ng/ml, n = 19) was significantly greater (P < 0.05) than that in the late follicular phase
(142.39 ± 31.16 ng/ml, n =18). The follicular fluid P4 concentration in early follicular
phase (388.33 ± 106.92 ng/ml, n = 19) tended to be greater (P = 0.057) than those in late
luteal (151.71 ± 40.55 ng/ml, n = 15) phase. For follicular fluid P4 content (ng), there
were no significant differences among late follicular (16.83 ± 3.70 ng, n = 18), early
follicular (17.39 ± 4.26 ng, n = 19), and late luteal (9.91 ± 1.91 ng, n = 15) phases.
For the concentrations of TEST in follicular fluid, there were no significant (P >
0.05) differences among late follicular (363.97 ± 138.96 ng/ml, n = 18), early follicular
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(318.68 ± 108.72 ng/ml, n = 19), and late luteal (85.97 ± 32.61 ng, n = 15) phases.
However, the contents of TEST in follicular fluid of late follicular (43.12 ± 14.54 ng, n =
18) and early follicular (15.52 ± 5.47 ng, n = 19) phases were significantly greater (P <
0.05) than the content of TEST (4.09 ± 0.93 ng, n = 15) in follicular fluid of late luteal
phase. There were no significant difference (P > 0.05) in follicular fluid testosterone
contents between late follicular (43.12 ± 14.54 ng, n = 18) and early follicular (15.52 ±
5.47 ng, n = 19) phases.
5.5

Discussion
In this chapter, we performed ERE reporter gene analysis to determine the

functional and ligand-activated ER activities in cultured granulosa cells and, for the first
time, in living intact ovarian follicles at different stages of estrous cycle in mature sows
by bioluminescence imaging. Increased ERE luciferase activity (4 to 5-fold) with 10-8M
of estradiol-17β (E2; agonist) treatment was observed in the cultured granulosa cells
obtained in the early follicular stage (proestrus), whereas E2 mediated ERE luciferase
activity was significantly reduced by ER antagonist (Fulvestrant), demonstrating the
presence of functional endogenous ERs in granulosa cells in early follicular phase (Figure
5.1 and 5.2). However, in the granulosa cells obtained in the late follicular phase, E2
treatment resulted in slight, but no significant, induction (1.5-fold) of ERE luciferase
activity (Figure 5.2). This result appears to indicate that the level of functional ER
content is greater in the granulosa cells at early follicular phase than that in the granulosa
cells at late follicular phase.
For the analysis of functional ER activity in intact follicles (Figure 5.4), ovaries in
this experiment were collected from slaughterhouse animals and the different stages of
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estrous cycle were estimated based on morphological descriptions summarized in Table
5.1 and figure 5.3. The physiological status and exact stage of the estrous cycle in
slaughterhouse sows were unknown, and it was not determined whether the mature sows
were cycling normally. Therefore, we characterized intact follicles assigned to the
different stages of the estrous cycle by measuring their steroid concentration and
contents. The concentrations and contents of Estradiol-17β (E2) and testosterone (TEST)
in follicular fluid were increased from the late luteal phase to the early follicular phase
and reached a maximum level at late follicular phase, while progesterone (P4)
concentration and content in follicular fluid were the highest at early follicular phase and
slightly decreased at late follicular phase. These results indicated that the intact follicles
in late follicular phase were estrogenic preovulatory follicles that had not been lutenized.
In addition, the patterns of E2, TEST, and P4 concentrations in follicular fluid presented
herein were similar to those reported in previous publications on follicular steroid
concentrations in mature sow (Babalola and Shapiro, 1988; Krzymowski et al., 1979).
Therefore, the stage specific follicular status within individual follicles was confirmed by
follicular fluid analysis of E2, TEST, and P4 (Table 5.3).
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Porcine antral follicular fluid steroid concentration (ng/ml) and total contents (ng) (mean ± SEM).

Steroid concentration (ng/ml)
Steroid content (ng)
Stage of estrous
Estradiol
Progesterone
Testosterone
Estradiol
Progesterone Testosterone
cycle
a
c
e
f
Late follicular
514.66 ± 86.74
142.39 ± 31.15
363.97 ± 138.96
62.09 ± 11.08 16.83 ± 3.70h 43.12 ± 14.54i
Early follicular
396.39 ± 71.85ab 388.33 ± 106.92d 269.53 ± 68.41e
20.68 ± 2.90g 17.39 ± 4.26h 15.52 ± 5.47j
Late luteal
249.57 ± 27.84b 151.71 ± 40.55cd 97.46 ± 37.17e
16.48 ± 3.11g 9.91 ± 1.91h 4.09 ± 0.93j
a-j
within columns, means with different superscripts differ significantly (P < 0.05)

Table 5.3
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The ERE luciferase activity quantified in living intact follicles at different stages
in estrous cycle were determined by bioluminescence shown in Figure 5.4. The level of
intrafollicular estrogen-induced ER activity in intact follicles at the early follicular phase
was greater than those at the late follicular phase (Figure 5.4); even though the
concentration and content of E2 in follicular fluid in the late follicular phase were higher
than those in the early follicular phase (Table 5.3). This result in living intact follicles
was consistent with the result of Figure 5.2 found in cultured granulosa cells,
demonstrating that a greater functional ER is present in granulosa cells of growing
follicles at the early follicular phase.
It has been determined that two types of estrogen receptors, ERα and ERβ, are
expressed in the ovarian follicles in different ratios throughout follicular development
and reproductive cycle in pig (Slomczynska et al., 2001; Slomczyńska and Woźniak,
2001), in cow (D'Haeseleer et al., 2006), in human (Iwai et al., 1990), and in rat. ERα and
ERβ are encoded from different genes and chromosomes; however, the ligand-binding
and DNA-binding domains of these two receptors are very similar. In addition, they bind
to endogenous ligands such as estradiol-17β with similar affinity (Gruber et al., 2002).
ERβ is expressed predominantly in granulosa cells of antral follicles and is the primary
ERE-binding receptor (Mueller et al., 2004; O'Brien et al., 1999). Thus, the level of ERβ
mRNA in granulosa cells in ovarian follicles can be used as an indicator of the degree of
functional ER activity present in granulosa cells even though it does not provide
information regarding whether ERβ is functional or active.
In situ hybridization analysis in cycling cows showed that the level of ERβ
mRNA in antral follicles increased to a maximum level at early follicular phase and then
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decreased at late follicular phase (D'Haeseleer et al., 2006). Our results shown in Figures
5.1, 5.2, and 5.4 demonstrated that the level of functional ER activity in cultured
granulosa cells and living intact follicles at early follicular phase is greater than in those
at late follicular phase. Our results may be explained by the higher level of ERβ mRNA
are present in the granulosa cells at early follicular phase. Moreover, Ciana et al. (2003)
have found that the level of functional ER activity in female reproductive tissues was the
highest at proestrus phase (early follicular phase) in ERE reporter transgenic mouse in
vivo and showed that ER activity is correlated with the circulating estrogen levels in the
animal.
It has been reported that ERβ expression in antral ovarian follicles is influenced
by luteinizing hormone (LH). In a cultured rat granulosa cell study, addition of human
chorionic gonadotropin (hCG; LH-like hormone), decreased the level of ERβ mRNA
(Byers et al., 1997), and the authors have demonstrated that the activation of LH receptor
(LHR) down-regulates ERβ gene expression. In the pig, the expression of LHR mRNA in
granulosa cells increases between late luteal and early follicular phases, and is the
greatest in granulosa cells of large follicles at late follicular phase (Guthrie, 2005).
Therefore, ERβ mRNA is highly expressed in growing follicles at the early follicular
phase and decreases in large follicles at the late follicular phase because of the ability of
activated LHRs to down-regulate ERβ gene expression. In this chapter we have not
determined the levels of either ERβ mRNA or LHR mRNA; however, the lower
expression level of ERβ mRNA in antral follicles at late follicular phase may have
resulted in decreased intrafollicular estrogen-induced ER activity in intact follicles at late
follicular phase shown in Figure 5.4. Moreover, Liu et al. (2000) have reported that LHR
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mRNA is highly expressed in large follicles at the late follicular phase and corresponded
with the highest E2 concentration in follicular fluid of weaned sows. One of estrogen’s
functions is to facilitate the differentiation of granulosa cells by increasing LH receptor
expression before the peak of the preovulatory LH surge (Drummond, 2006). Our results
of follicular fluid steroid analysis, shown in Table 5.3, revealed that the E2 concentration
and content were maximal at the late follicular phase, indicating that the level of LHR
mRNA might be the highest in the intact follicles at the late follicular phase. Therefore,
the down-regulated ERβ mRNA by activated LHR in the large follicles at the late
follicular phase may result in decreased functional ER activity in living intact follicles at
the late follicular phase in this study (Figure 5.4).
In summary, our findings with the ERE reporter gene transfer method and
quantitative bioluminescence imaging used in this investigation demonstrate the
feasibility of a new methodology for measuring functional and ligand-activated estrogen
receptor activity within living intact follicles. Using this method we have found that the
functional ERs were differentially activated during the different stages of estrous cycle in
mature sows; the level of functional ER activity in cultured granulosa cells and intact
follicles was increased from late luteal phase to early follicular phase and then
significantly decreased at late follicular phase.
This methodology could be used to investigate the functional gene analysis of
candidate nuclear receptors or transcriptional factors that are important regulator of
signaling pathways involved in mechanisms of follicle selection and regression in ovarian
follicles. In addition, this methodology has potential to provide a functional gene analysis
in domestic animals in vivo in the future. For example, functional ER dynamics
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responding to endogenous estradiol in the ovarian follicles during the follicular wave may
be visualized and quantified in cattle and pigs in vivo. To achieve intrafollicular
transfection in vivo, ovarian transvaginal ultrasonography guided fine needle injection
method described in (Ginther et al., 2004; Kot et al., 1995) can be used noninvasively on
individual follicles in cattle. Moreover, an endoscopic or laparoscopic bioluminescence
imaging tool may provide the quantitative measurement of luciferase activity in
individual follicles and ovaries in vivo.
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CHAPTER VI
CONCLUSION AND FUTURE APPLICATIONS

6.1

Conclusion
The overall goal of this dissertation was to develop a novel bioluminescence

imaging model to visualize and measure cellular and molecular events in living intact
porcine ovarian follicles. The ovarian intact follicle consists of a single oocyte, follicular
fluid, and somatic cells including theca, granulosa, and cumulus cells. It is an essential
microenvironment for the oocyte maturation and its developmental competence. In this
dissertation, we used bioluminescence imaging, which allows dynamic, noninvasive, and
real-time analysis of cellular and molecular events in living cells and tissues. In addition,
an intact antral follicle culture system in vitro was employed to maintain hormonal
responsiveness and mimic physiological function of ovarian follicles in vivo condition.
Bioluminescence imaging is based on the chemical reaction in which firefly
luciferase, produced from an encoded introduced by luc gene, catalyzes the oxidation of
D-luciferin at the presence of ATP and oxygen to produce visible light. For accurate
bioluminescence measurement and reproducible analysis, it was necessary to determine
factors that influence the light intensity, such as the time course of the reaction, dose
responses of luciferase reporter gene after D-luciferin injection, and the dose of Dluciferin needed for optimal reaction catalyzation and light production. In chapter 3, we
first analyzed the time course of luminescence emitted from transfected intact follicles
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with increasing doses of firefly luciferase reporter gene. A higher level of luciferase
expression was observed in follicles transfected with 3 μg of plasmid reporter DNA, with
an optimal time for quantification at 1 minute or in between 2.5 and 10 minutes after Dluciferin injection. In addition, the luciferase expression in granulosa cells in the
transfected intact antral follicles was verified using a standard luciferase assay.
Moreover, the effects of substrate, D-luciferin, doses were determined for optimal
quantitative bioluminescence imaging, and the result showed that bioluminescence
emission was maximal with 300 µg of D-luciferin.
Bioluminescence imaging involves the introduction of the reporter plasmid DNA
encoding luciferase gene into target cells. The objective of chapter 4 was to determine the
efficient nonviral gene delivery system: cationic lipid mediated and electroporation gene
transfer methods for porcine living intact follicles. First, we optimized charge ratios of
cationic lipid to plasmid DNA for the efficient gene transfer to intact antral follicles in
vitro using a cationic lipid mediated gene delivery method. We found that the 1:3 DNA
lipid ratios was the optimal condition. Second, we performed studies to assess the
feasibility of gene transfer to intact antral follicles via electroporation and the effects of
varying electric voltages (V/cm) on transgene expression and cell viability. The results
showed that gene transfer via electroporation with optimal condition was 4 pulses of 100
V/cm and 100 ms. Third, we directly compared electroporation and lipid mediated
nonviral gene delivery systems for luciferase transgene expression and cell viability to
determine the most effective gene transfer method for living ovarian follicles. It was
found that the gene transfer using an electroporation method resulted in 15 times higher
luciferase transgene expression with increased granulosa cell viability over cationic lipid
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mediated gene transfer method. Moreover, significant increased granulosa cell viability,
increased follicular fluid progesterone content, oocytes with expanded cumulus cells
were observed in intact follicles transfected by electroporation at field strength at 100
V/cm. The results indicated that electroporation with strong electric pulses induced
spontaneous oocyte maturation and resulted in a similar action to that of the LH surge in
ovarian follicles. Future studies are needed to investigate whether the oocytes in the intact
follicles transfected by electroporation would complete a process of nuclear and
cytoplasmic maturation intrafollicularly, followed by fertilization to form viable
embryos.
Based on the results of Chapter 3 and 4, the optimal conditions of
bioluminescence imaging and nonviral gene transfer methods were applied in the
experiments of Chapter 5 to determine the functional estrogen receptor (ER) dynamics in
response to intrafollicular estrogens in living intact follicles during the estrous cycle in
the mature sow. First, we performed transfection studies using an ERE reporter gene to
validate the presence of biologically active ERs in cultured granulosa cells in vitro using
a standard luciferase assay. Increased ERE luciferase activity (4 to 5-fold) with estradiol17β (E2; agonist) treatment was observed in the cultured granulosa cells obtained in the
early follicular stage, while E2 mediated ERE luciferase activity was significantly
reduced by ER antagonist, demonstrating the presence of functional endogenous ERs in
granulosa cells in early follicular phase. However, in the granulosa cells obtained in the
late follicular phase, E2 treatment resulted in slight, but no significant, induction (1.5fold) of ERE luciferase activity. The results indicated that the level of functional ER
content is greater in the granulosa cells at early follicular phase than that in the granulosa
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cells at late follicular phase. Similar result was found within living intact ovarian follicles
in vitro. The functional ER activity was increased from late luteal phase to early follicular
phase and then significantly decreased at late follicular phase.
This dissertation work demonstrated that the development of a new methodology
for measuring luciferase transgene expression in porcine intact follicles in vitro, using an
intact follicle culture system and bioluminescence imaging. And, we have shown that the
feasibility of this methodology for measuring functional and ligand-activated estrogen
receptor activity within living intact follicles in vitro.
6.2
6.2.1

Future applications
Imaging of gene expression in intact ovarian follicles in vitro
The methodology developed herein can be used to study expression of candidate

genes and proteins during follicular development and oocyte maturation. This can be
performed by generating either overexpression or inhibition of a specific gene in intact
ovarian follicles in vitro. In chapter 5, the functional estrogen receptor activities during
the estrous cycle of mature pigs were determined using ERE luciferase reporter gene.
This approach can be useful for reporting other functional transcription factor (e.g., p53)
or nuclear receptor (progesterone receptors) activities in intact ovarian follicles, using
different transcriptional factor binding sites or nuclear receptor response elements linked
to a minimal promoter to drive the expression of a luciferase reporter gene.
6.2.2

Somatic cell gene therapy for in vitro maturation and culture of
preimplantation embryos
This methodology developed in this dissertation can be applied to somatic cell

gene therapy in antral follicles to improve oocyte maturation and promote acquisition of
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developmental competence in vitro. Sato et al. (2012a) and Laurema et al. (2003) have
reported that gene transfer via electroporation and lipid mediated gene transfer methods
in mouse and rabbit ovaries does not occur in the mature oocytes enclosed with zona
pellucida. The authors have predicted that zona pellucida protects against the entrance to
foreign genes into the oocytes. For somatic cell gene therapy, foreign genes (reporter
genes) should not be incorporated in chromosomes of oocyte. Therefore, the gene transfer
in intact antral follicles via nonviral gene transfer methods that used throughout this
dissertation are be suitable for the somatic cell gene therapy. The results in chapter 4
revealed that electroporation with strong electric pulses induced spontaneous oocyte
maturation and resulted in a similar action to that of the LH surge after 20 hours of intact
follicle culture in vitro without any gonadotropin or serum supplementation in the culture
medium. Therefore, a luciferase reporter carrying therapeutic genes, such as growth
factors, anti-oxidant, or anti-apoptotic factors, can be transfected into somatic cells
(theca, granulosa, and cumulus cells) within intact antral follicles via electroporation.
Then, the oocytes can be matured intrafollicularly similar to the in vivo condition to
produce developmentally competent oocytes.
6.2.3

Imaging of porcine and bovine ovaries in vivo
The methodologies using bioluminescence imaging described in this dissertation

may provide sensitive, specific, and real-time visualization of cellular and molecular
events during follicle growth and development in vivo bovine and porcine models.
Ovarian follicles in domestic animals develop in a wave-like pattern throughout the
estrous cycle. A follicle wave is characterized by the synchronous growth of a group of
recruited small and medium size follicles and one or a group of which is selected to
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become the dominant follicles while subordinate follicles (other follicles) regress and
undergo atresia during the follicle wave (Fortune et al., 2001). Despite the importance of
selection of the dominant follicle and successful follicle development to ovarian function
and fertility, why one follicle is selected for dominance while the others undergo atresia
is still unknown (Fortune, 1994). Therefore, molecular events involved in mechanisms of
follicle selection and regression in ovarian follicles in vivo can be determined using
noninvasive molecular imaging and nonviral gene delivery methods. For example, gene
transfer can be performed noninvasively in individual follicles or ovaries of cow and pig
using ovarian transvaginal ultrasonography guided fine needle injection method, and
luciferase transgene expression can be visualize and monitored by an endoscopic or
laparoscopic bioluminescence imaging tool, which may the quantitative measurement of
luciferase activity. And also, transgene expression in ovaries and follicles in vivo with
fluorescent reporter genes can be monitored using fibered confocal fluorescence
microscopy (Velazquez and Kues, 2011).
6.2.4

Nonviral gene transfer to uterus in the cow and pig in vivo
In vitro transfection of intact female reproductive tract has been reported in

humans using a cationic lipid mediated gene transfer method (Daftary and Taylor, 2001).
The authors have demonstrated that the gene transfer procedure could be applied for in
vivo gene transfer in human uterus for the development of therapies for human
contraception, uterine cancer treatment, and infertility. The methodology presented in this
dissertation may be used for in vivo gene transfer in the uterus of cows and pigs. Cationic
lipid DNA complexes can be deposited into endometrium of uterus by a catheter,
commonly used in a procedure of artificial insemination. And then, luciferase transgene
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expression can be monitored by endoscopic or laparoscopic bioluminescence imaging
device. The gene transfer to uterus in vivo in the domestic animals has the potential to
study embryo implantation, improve reproduction efficiency, and use to treat
reproductive tract diseases.
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APPENDIX A
CORRELATION BETWEEN FUNCTIONAL ESTROGEN RECEPTOR ACTIVITY
AND FOLLICULAR FLUID ESTROGEN CONCENTRATION IN INTACT
PORCINE OVARIAN FOLLICLES IN VITRO
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Estrogens play an important role in ovarian follicle development and oocyte
maturation. It is also known that concentration of estrogen in follicular fluid from antral
healthy follicles is higher than that of atretic follicles. In addition, high estrogen content
is considered a major determinant of healthy follicles and their associated oocytes
(Maxson et al., 1985). The aim of this experiment was to assess whether functional and
ligand (estradiol; E2)-activated estrogen receptor (ER) activities are correlated to E2
concentration of the follicular fluid in living porcine intact ovarian follicles.
Porcine ovaries were collected after slaughter from mature sows and a total
number of 58 (n = 58) antral follicles at late follicular phase between 6.5 to 7.5 mm in
diameter were dissected as previously described in Chapter 5. ER-luc (Panomics,
Fremont, CA) was used in this experiment. DNA lipid complexes were formed at a DNA
(μg):lipid (μl) ratio of 1:3 in distilled water. 3 µg of DNA lipid complex was injected into
antrum of each follicle unit using a microinjector. The intact follicles were cultured in
vitro for 20 hours. The detailed procedures of lipid mediated gene transfer and intact
follicle culture are described in Chapter 5 (5.3.6 and 5.3.7). After transfection, 10µl
(300µg) of XenoLight RediJect D-luciferin (30µg/µl in PBS; Caliper Life Sciences,
Hopkinton, MA) were injected to each follicle. Luminescence from each follicle was
detected using the IVIS 100 CCD camera system (Caliper Life Sciences, Hopkinton,
MA) and analyzed with the Living Image 3.0 software package (Caliper Life Sciences,
Hopkinton, MA). Each follicle was imaged with 10 min exposure time. The signal
intensity was reported as mean ± SEM of normalized photons/sec. 17β-estradiol
concentration (ng/ml) of follicular fluid were measured by radioimmunoassay in each
follicle as previously described in Chapter 5 (5.3.10). Regression coefficients were
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determined using STATVIEW program (Abacus Concepts, Inc., Berkeley, CA), and a Pvalue of < 0.05 was considered significant.
Correlations between 17β-estradiol (E2) concentration (ng/ml) in follicular fluid
and luciferase activity (photons/sec; ERE-driven luciferase expression levels) of intact
follicles were determined in Figure A 1. Concentrations of E2 were positively correlated
with luciferase expression level of intact follicles, however the correlation value was low
(r = 0.39; P < 0.05). The functional ER binding activity in intact antral follicles is
dependent on the interaction with the E2 present in the follicular fluid and the ER
receptors on the granulosa cells. The low correlation value (r = 0.39) may be due to the
effect of ER contents in granulosa cells. To further elucidate the result in this experiment,
the quantity of ER in granulosa cells should be conducted to examine the relationship
between ER and E2 contents and functional ER activities in intact porcine ovarian
follicles.
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Figure A.1

Correlation between functional ER activity (luciferase activity; p/s) and
estradiol concentration (ng/ml) of follicular fluid in intact porcine ovarian
follicles.

Follicular fluid estradiol concentration (ng/ml) in each follicle was positively correlated
with ERE-driven luciferase expression level of follicles (r = 0.39; P < 0.05).
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REPORTER VECTORS
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The ERE reporter gene plasmid, 5xERE-min-luc, contains 5 tandem repeats
estrogen response element (ERE) sequences, which are placed upstream of a minimal
TATA promoter, directing expression of the firefly luciferase coding sequence in
response to transcriptional activation by estrogen bound ER. 5xERE-min-luc reporter
plasmid was created using pGL4.24 vector (Promega, Madison, WI). This vector plasmid
was digested with HindIII, and 5 tandem repeats of a 33-base pair vitellogenin ERE (5’AATTCAAAGTCA GGTCACAGTGACCTGATCAAA; HindIII digested) were inserted
(McDonnell and Goldman, 1994) in upstream of a minimal TATA promoter. The
restriction digestion of plasmid DNA and DNA ligation procedures are provided in detail
in Appendix C.
pGL4.24 vector contains minimal promoter sequence with a TATA box that
facilitates investigation of ERE activity. This minimal promoter maintains low
background levels of luciferase expression and produces high levels of expression when
induced through the ERE (Swanson et al., 2007). This vector encodes the luciferase
reporter gene luc2P (Photinus pyralis) and is designed for high expression and reduced
anomalous transcription (Promega, Catalog# E8421). Furthermore, pGL4.24 vector has
an origin of replication, ori (plasmid origin of replication), and a sequence where
replication is initiated by cellular enzymes. This sequence is required to propagate the
plasmid and maintain it at a level of 10 to 20 copies per E. coli. The Ampr, ampicillin
resistance gene allows the identification of transformed E. coli cells that contain the intact
plasmid or recombinant version of the plasmid. There are two multiple cloning sites
(MCS) in the vector plasmid. MCS are several recognition sequences that are targets for
different restriction endonucleases, providing site where the plasmid can cut to insert
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foreign DNA (Nelson and Cox, 2005).One is located upstream of the minimal promoter
for insertion of response elements, and the other MCS is located downstream of SV40
late poly A signal gene for cloning regulatory elements, like enhancers, that act at a
distance (Groskreutz and Schenborn, 1997). Polyadenylation has been shown to enhance
mRNA stability and translation in mammalian cells. SV40 late poly (A) signal sequence
is located downstream of luc2P to provide efficient transcription termination and mRNA
polyadenylation (Groskreutz and Schenborn, 1997).
ER-luc reporter plasmid contains ERE DNA sequence of vitellogenin gene B1,
which consisted of three tandem repeats of a 13 bp perfect palindromic element 5’GGTCACTGTGACC-3’(Martinez et al., 1987). The plasmid vector map is shown in
Figure B 2. The ERE three tandem repeats are located between the Nhel and BglII
restriction sites, upstream of a minimal promoter sequence with a TATA box, which
drives expression of the firefly luciferase reporter gene (luc) upon activated estrogen
receptor binding. This reporter plasmid also has Ampr, ampicillin resistance gene for
selectable marker of transformed cells by the recombinant plasmid and f1 ori, an origin
of replication for filamentous phage, which allows for the production of single strand
DNA that is useful for mutagenesis and sequencing applications. pUC on is an origin of
replication that allows a high copy number of plasmids in E. coli cells (Groskreutz and
Schenborn, 1997).
pGL4.50[luc2/CMV/Hygro] vector encodes the luciferase reporter gene luc2,
which has been codon optimized for mammalian expression and has been shown that
luciferase gene expression level is higher when compared to luc gene (Paguio et al.,
2005). This vector is driven by CMV (cytomegalovirus) immediate early enhancer and
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promoter, a strong constitutive vial promoter, whose activity is not affected by the
experimental conditions. It also contains a strong viral SV40 (simian virus) early
enhancer and promoter for high expression and reduced anomalous transcription. SV40
late poly (A) signal sequence is positioned downstream of luc2 to provide efficient
transcription termination and mRNA polyadenylation. In addition, it contains synthetic
poly (A) signal/transcription start site for background reduction, plasmid replication orign
(ori), and ampicillin resistance antibiotic gene (Ampr) for selectable marker of
transformed cells by the recombinant plasmid. This vector has a hygromycin B gene as a
selectable marker for generating stable reporter cell lines (Promega, Catalog # E1310).
The pGL4.74[hRluc/TK] vector encodes the luciferase reporter gene hRluc
(Renilla reniformix) driven by HSV-TK (Herpes Simplex virus thymidine kinase)
promoter. This promoter in general drives relatively lower levels of transgene expression
compared to CMV or SV40 viral promoters. This vector is usually used in combination
with any experimental firefly luciferase reporter vectors to co-transfect mammalian cells.
Thus, the expression of renilla luciferase provides an internal control value to normalize
the expression of the experimental firefly luciferase repoter gene (Promega, Catalog#
E6921).
SV-β-galactosidase reporter vector, shown in Figure B 5, is used as a positive
control. The SV 40 promoter and enhancer drive the transcription of the E.coli lacZ gene,
which encodes β-galactosidase, a tetrameric enzyme that catalyzes the hydrolysis of βgalactosidase such as lactose (Alam and Cook, 1990). This reporter gene is used as an
internal control vector for normalizing variability in ERE luciferase activity in intact
porcine antral follicles in Chapter 5.
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